Turbulence measurements in tidal bore-like positive surges over a rough bed by Simon, Bruno & Chanson, Hubert
 
 
 
 
 
THE UNIVERSITY OF QUEENSLAND 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
REPORT CH90/12 
 
AUTHORS:   Bruno SIMON and Hubert CHANSON 
 
TURBULENCE MEASUREMENTS IN TIDAL 
BORE-LIKE POSITIVE SURGES OVER A ROUGH 
BED 
SCHOOL OF 
CIVIL ENGINEERING
 
HYDRAULIC MODEL REPORTS 
 
This report is published by the School of Civil Engineering at the University of 
Queensland. Lists of recently-published titles of this series and of other publications 
are provided at the end of this report. Requests for copies of any of these documents 
should be addressed to the Civil Engineering Secretary. 
 
The interpretation and opinions expressed herein are solely those of the author(s). 
Considerable care has been taken to ensure accuracy of the material presented. 
Nevertheless, responsibility for the use of this material rests with the user. 
 
 
School of Civil Engineering 
The University of Queensland 
Brisbane QLD 4072 
AUSTRALIA 
 
 
Telephone: (61 7) 3365 4163 
Fax:  (61 7) 3365 4599 
 
URL: http://www.eng.uq.edu.au/civil/ 
 
First published in 2013 by 
School of Civil Engineering 
The University of Queensland, Brisbane QLD 4072, Australia 
 
 
© Simon and Chanson 
 
 
This book is copyright 
 
 
ISBN No. 9781742720685 
 
 
The University of Queensland, St Lucia QLD, Australia 
 Turbulence Measurements in Tidal Bore-like Positive Surges over 
a Rough Bed 
by 
 
Bruno SIMON 
I2M, Université de Bordeaux, 33405 Talence Cedex, France 
School of Civil Engineering, the University of Queensland, Brisbane QLD 4072, Australia 
Email: bruno.simon@enscbp.fr 
 
and 
 
Hubert CHANSON 
Professor, The University of Queensland, School of Civil Engineering, Brisbane QLD 4072, 
Australia, Email: h.chanson@uq.edu.au 
 
REPORT No. CH90/12 
 
ISBN 9781742720685 
 
School of Civil Engineering, The University of Queensland 
April 2013 
 
 
Tidal bore in the Sée River (France) propagating upstream from right to left on 4 April 2011 
 ii 
ABSTRACT 
A sudden rise of the water depth in an open channel flow creates a surge propagating in the channel 
called a positive surge. Positive surges can be observed as natural phenomena when a spring tide 
enters a funnel-shaped estuary under appropriate tidal and bathymetric conditions: the process is 
called a tidal bore. In this study, the free surface profile and the unsteady turbulent motion of 
positive surges were studied physically in a relatively large facility under controlled conditions 
based upon a Froude similarity. The experiments were conducted in a 12 m long 0.5 m wide 
rectangular channel mostly covered by a rough fixed gravel bed. The metrology included a 
combination of acoustic Doppler velocimeters (ADVs) and acoustic displacement meters (ADMs). 
The initially steady flow conditions were controlled by the water discharge, and the steady flow 
properties were investigated thorougly using a Pitot tube and ADV. The positive surge was 
generated by the fast closure of a downstream gate and the bore propagated upstream against the 
initially steady flow. Both free-surface and velocity measurements were repeated a number of times 
to perform an ensemble average. The free surface characteristics were studied for both undular and 
breaking bores. The passage of the bore was associated with large free surface fluctuations, 
particularly in the case of breaking bores. The free surface properties were in agreement with earlier 
findings. The bore shape was closely linked with the Froude number and found to be independent of 
the distance travelled by the bore. High frequency (200 Hz) instantaneous velocity measurements 
were conducted 6.13 m upstream of the downstream gate. In the breaking bore, the data showed a 
transient longitudinal velocity reversal next to the bed beneath and immediately behind the bore 
front. In the undular bore, a deceleration of the streamwise velocity was observed without velocity 
reversal of the ensemble averaged velocity, but with transient negative values of the instantaneous 
longitudinal velocity. For both breaking and undular bores, the vertical velocity data trend followed 
closely the time derivative of the instantaneous water depth. Large velocity fluctuations were 
observed during the passage of the bore and in its wake. The turbulent integral length scales of the 
longitudinal and transverse velocity components were similar in magnitude in steady and unsteady 
flows, with slightly larger values in the unsteady flow on the upper measurements (z/do = 0.63). The 
turbulent integral time scales were larger in the unsteady flow. Further velocity measurements were 
performed immediately upstream of the gate and provided some insights into the time-variation of 
the velocity field during the bore generation. The turbulent stresses were larger beneath the bore 
close to the bed. After the bore front passage, the strongest fluctuations in terms of turbulent 
stresses were observed on the mid-water column and under the wave crests. Overall this study 
covered a broad range of unsteady flow conditions which were thoroughly investigated. 
 
Keywords: Positive surges, tidal bores, hydrodynamic shock, unsteady open channel flow, 
ensemble average, two-point correlations, turbulent integral time and length scale, gravel bed, 
physical modelling, unsteady turbulence, velocity field, free-surface profiles, turbulent Reynolds 
stresses. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
aw first wave amplitude (m); 
Ci  dimensionless constant in Equation (3.10); 
d water depth (m); 
dc critical flow depth (m): 3 22c )Wg/(Qd   for a rectangular channel; 
dconj conjugate flow depth measured immediately behind the surge front (m); 
dk water depth k-percentile (m): k = 0 (min), 10, 25, 50 (median), 75, 90 or 100 (max); 
dmax water depth (m) at the first wave crest; 
do initially-steady flow water depth (m) measured at x = 5 m; 
ds median sediment size (m); 
Di dimensionless constant in Equation (3.10) for the i-direction; 
DH hydraulic diameter (m), also called equivalent pipe diameter; 
D1 dimensionless log-law constant for smooth bed; 
D2 dimensionless log-law constant for rough bed; 
E specific energy (m) defined as: E = H - zo; 
f Darcy-Weisbach friction factor; 
Fr Froude number; 
g gravity acceleration (m/s2): g = 9.80 m/s2 in Brisbane; 
H total head (m); 
H1 total head (m) read with the Pitot tube; 
H2 static head (m), or piezometric head of Pitot tube; 
hg gate opening (m) after closure; 
ks equivalent sand height (m) of bed roughness; 
l channel height (m); 
L channel test section length (m); 
Lw  first wave length (m) measured from first wave crest to the second wave crest; 
Lx integral turbulent length scale (m) for the velocity component Vx; 
Ly integral turbulent length scale (m) for the velocity component Vy; 
N velocity power law exponent in Equation (3.2); 
P pressure (Pa); 
Q volume flow rate (m3/s) or discharge; 
q water discharge per unit width (m): q = Q/W; 
Re Reynolds number of the surge:  /d)UV(Re oo ; 
Rij normalised cross-correlation function between the velocity components Vi and Vj; 
So bed slope: So = sin; 
Sf friction slope, or slope of the total head line; 
T averaging time (s) for the correlation function; 
Tw period (s) of the first wave length; 
 vi 
Tx integral turbulent time scale (s) for the velocity component Vx; 
Ty integral turbulent time scale (s) for the velocity component Vy; 
Txy integral cross-correlation time scale (s) for the velocity components Vx and Vy; 
t time (s); 
U bore celerity (m/s) positive upstream; 
Ur Ursell number defined as: Ur = 2awLw2/dconj; 
V depth-averaged velocity (m/s); 
Vc critical flow velocity (m/s): Vc = (g dc)1/2 for a rectangular channel; 
Vconj conjugate flow velocity (m/s) immediately behind the bore front; 
Vk velocity k-percentile (m/s): k = 0 (min), 10, 25, 50 (median), 75, 90 or 100 (max); 
Vmax free stream velocity (m/s) above the boundary layer flow; 
Vo initially-steady flow velocity (m/s) positive downstream measured at x = 5 m; 
Vx instantaneous velocity component (m/s) in the x-direction; 
Vy instantaneous velocity component (m/s) in the y-direction; 
Vz instantaneous velocity component (m/s) in the z-direction; 
xV  mean velocity (m/s) in the x-direction; 
yV  mean velocity (m/s) in the y-direction; 
zV  mean velocity (m/s) in the z-direction; 
vx turbulent velocity fluctuation (m/s) in the x-direction; 
vy turbulent velocity fluctuation (m/s) in the y-direction; 
vz turbulent velocity fluctuation (m/s) in the z-direction; 
vx' root mean square (RMS) of turbulent velocity fluctuation (m/s) in the x-direction; 
vy' root mean square (RMS) of turbulent velocity fluctuation (m/s) in the y-direction; 
vz' root mean square (RMS) of turbulent velocity fluctuation (m/s) in the z-direction; 
V* shear velocity (m/s); 
W channel width (m); herein W = 0.50 m; 
x longitudinal distance (m) measured from the channel test section upstream end; 
xg location (m) of the tainter gate; 
y transverse distance (m) positive towards the left sidewall with y = 0 at the channel 
centreline; 
z vertical elevation (m) measured normal to the bed positive upwards with z = 0 at the top 
of the bed roughness (section 2.2); 
zo bed elevation (m); 
 
 gate angle with the channel bed:  = 90 when the gate is fully closed; 
 distance (m) between correlation points; 
o distance (m) between correlation points where Rxy(o,) = 0; 
y transverse distance (m) between correlation points; 
 boundary layer thickness (m) defined in terms of 99% of the free stream velocity Vmax; 
1 boundary layer displacement thickness (m); 
 vii 
2 boundary layer momentum thickness (m); 
 Von Karman constant:  = 0.4; 
 dynamic viscosity (Pa.s) of water; 
 kinematic viscosity (m2/s) of water; 
 angle between the channel bed and the horizontal positive downwards; 
 water density (kg/m3); 
 time lag (s); 
o boundary shear stress (Pa); 
m time lag (s) for which Rxx(,m) = Max(Rxx(,)); 
 
Subscript 
g gate property after closure; 
o initially steady flow property measured at x = 5 m immediately prior to the tidal bore 
passage; 
x longitudinal direction positive downstream; 
y transverse direction positive towards the left sidewall; 
z vertical direction positive upwards; 
 
Abbreviations 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimeter; 
Nb number; 
PT Pitot tube; 
PVC polyvinyl chloride; 
RMS root mean square; 
Std standard deviation; 
VITA variable-interval time average. 
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1. INTRODUCTION 
In open channel flows, a rapid increase in water depth creates a surge propagating away called a 
positive surge (Henderson 1966; Chanson 2004a). A positive surge may be generated by a control 
structure such as a gate closing downstream the flow, while it may happen in a river after a dam 
failure or when a tsunami propagates into an estuary (Chanson 2005a,2011). Another form of 
positive surge occurs when a spring tide enters a narrowing shallow estuary under suitable 
bathymetric and tidal conditions: this particular phenomenon is called a tidal bore. A tidal bore can 
take the form of a breaking front (Figure 1-1A) or a leading wave followed by several undulations 
(Figure 1-1B), depending on the river flow and bathymetry. Once formed the tidal bore or positive 
surge must satisfy the continuity and momentum principles (Rayleigh 1908; Henderson 1966; 
Liggett 1994; Chanson 2012). A positive surge can be seen as a hydraulic jump in a frame of 
reference travelling with the bore front at a speed U. The equations of mass and momentum 
conservation in their integral form used for a hydraulic jump can be applied to positive surge. In a 
prismatic rectangular horizontal channel neglecting friction loss, it yields: 
 

  1Fr81
2
1
d
d 2
o
conj
 (1.1) 
where do is the initial water depth, dconj is the conjugate flow depth immediately after the bore and 
Fr is the bore Froude number defined as: 
 
o
o
dg
VU
Fr
  (1.2) 
where Vo is the initial flow velocity positive downstream, U is the bore celerity positive upstream 
from an observer standing on the side of the channel and g is the gravity acceleration. 
For a Froude number inferior to unity, the positive surge is not visible. For a Froude number, 
between 1 and 1.4 to 1.7, the bore has an undular longitudinal profile (Treske 1994; Koch and 
Chanson 2008). The undular bore is typically followed by a train of secondary undulations, called 
whelps. For Froude numbers greater than 1.4 to 1.8, the bore front is characterised by a breaking 
roller extending across the whole channel width while the secondary undulations tend to disappear 
for Fr > 1.8 (Hornung et al. 1995; Koch and Chanson 2009). 
Positive surges and tidal bores have been studied experimentally (Favre 1935; Benet and Cunge 
1971; Yeh and Mok 1990; Treske 1994; Hornung et al. 1995; Chanson 2001,2005b; Koch and 
Chanson 2008,2009; Chanson and Docherty 2012; Gualtieri and Chanson 2012). Mathematicians 
investigated theoreticaly positive surges, mostly undular bores (Barré de Saint Venant 1871; 
Boussinesq 1877; Peregrine 1966) and more recently, the phenomenon was numerically 
investigated (Madsen et al. 2005; Pan et al. 2007; Furuyama and Chanson 2010; Lubin et al. 2010; 
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Simon et al. 2011). A number of field studies were conducted, ranging from field observations 
(Rayleigh 1908; Tessier and Terwindt 1994) to more detailed quantitative measurements (Chen et 
al. 2003; Simpson et al. 2004; Wolanski et al. 2004; Chanson 2004c; Mouazé et al. 2010; Chanson 
et al. 2011; Reungoat et al. 2012). Table 1-1 summarises a number of physical investigations of 
positive surges. 
 
 
(A) Breaking tidal bore of the Sélune River (France) downstream of Point du Grouin du Sud  
looking downstream at the approaching bore on 18 April 2011 
 
(B) Undular tidal bore of the Dordogne River (France) at St Pardon propagating from left to right 
on 21 April 2011 
Fig. 1-1 Photographs of tidal bores 
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Table 1-1 - Laboratory investigations of positive surges 
 
Study Q 
(m3/s) 
do 
(m) 
Surge type Fr Facility Remarks 
Yeh & Mok 
(1990) 
0 0.04 & 0.06 B 1.35 to 2.07 Rectangular channel: 
L = 16.5, W = 0.61 m  
Laser sheet, 
initially still water
0.08 to 0.16 U/Up 
 
1.0 to 1.4 Rectangular channel: 
L = 100 m, W = 1.0 m  
Treske (1994) -- 
0.04 to 0.16 U/Up, 
U/Dn 
1.0 to 1.3 Trapezoidal channel: 
L = 130 m, W = 1.24 m 
Electronic 
conductivity 
gauge, concrete 
channel, 
horizontal bed 
Hornung et al. 
(1995) 
0 -- B 2 to 6 Rectangular channel: 
So = 0, L = 24 m 
DPIV, initially 
still water 
Koch & 
Chanson 
(2005, 
2008,2009) 
0.040 0.079 U-B/Up 1.3 to 1.69 Rectangular channel: 
So = 0, L = 12 m, W = 
0.5 m 
ADMs, ADV, 
smooth PVC bed
0.137 U-B/Up 1.0 to 1.78 Rectangular channel: 
So = 0, L = 12 m, 
ADMs, ADV, 
smooth bed 
0.048 
0.142 U-B/Up 1.13 to 1.47 W = 0.5 m ADMs, ADV, 
rough bed,  
ks = 6.6 mm 
Chanson 
(2008,2010b) 
0.035 to 
0.060 
0.040 to 
0.072 
U-B/Up 1.7 to 2.83 So = 0.009 to 0.027 ADMs, ADV, 
smooth bed 
0.118 U-B/Up 1.08 to 1.59 Rectangular channel: 
So = 0, L = 12 m 
ADMs, ADV, 
smooth bed 
Docherty & 
Chanson 
(2010) 
0.045 
0.125 U-B/Up 1.01 to 1.52 Rectangular channel: 
So = 0.002, L = 12 m 
fixed gravel bed, 
ks = 3.4 mm 
Khezri & 
Chanson 
(2012) 
0.050 to 
0.052 
0.136 U-B/Up 1.17 to 1.4 Rectangular channel: 
So = 0.002, L = 12 m, 
W = 0.5 m 
ADMs, ADV, 
fixed gravel bed 
with 1-m mobile 
bed section 
Gualtieri & 
Chanson 
(2012) 
0.060 0.14 U-B/Up 1.15 to 1.54 Rectangular channel: 
So = 0, L = 12 m, 
W = 0.5 m 
ADMs, ADV, 
smooth bed 
Present 0.036 0.085 U-B/Up 1.14 to 1.60 Rectangular channel:  ADMs, ADVs,  
study 0.053 0.107  1.29 & 1.57 So = 0.077, L = 12 m, fixed gravel bed,
 0.055 0.110  1.21 to 1.66 W = 0.5 m ks = 6 mm 
 
Notes: ADM: acoustic displacement meter; ADV: acoustic Doppler velocimetry; B: breaking bore; 
Dn: downstream bore propagation; ks: equivalent sand bed roughness height; L: channel length; 
PIV: particle image velocimetry: So: bed slope; U: undular bore; Up: upstream bore propagation; 
W: channel width; (--): information not available. 
 
This study of positive surges presents the results of a series of experimental investigations with a 
focus on the free surface properties and unsteady turbulent velocity characteristics under controlled 
flow conditions. The positive surge propagated over a rough gravel bed. The free surface evolution 
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of the unsteady flow was recorded with a non-intrusive technique and the velocity measurements 
were performed using acoustic Doppler velocimeters (ADVs) sampling at relatively high frequency 
(200 Hz). The unsteady turbulent properties were analysed by repeating each experiment several 
times to obtain an ensemble-average data set. Two acoustic Doppler velocimeters were used in 
synchronisation to gain some information on the turbulent integral length and time scales. The 
velocity field during the bore generation was also investigated next to the downstream gate. 
Altogether this study presents a detailed measurement data set of free surface profiles and unsteady 
turbulent velocity field of positives surges over a fixed gravel bed. The study was conducted at two 
different scales to test the Froude dynamic similarity in terms of potential viscous scale effects, 
while the turbulent time and length scales were investigated using a two-point measurement 
technique. 
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2. EXPERIMENTAL FACILITY, INSTRUMENTATION AND METHODS 
2.1 EXPERIMENTAL FACILITY 
The physical experiments were carried out in a relatively large flume located at the University of 
Queensland. The channel was 0.50 m wide and 12 m long, made with 0.30 m high glass walls and a 
smooth PVC bed (Fig. 2-1). The bed slope was So = sin = 0.0077 for all experiments. A constant 
head tank supplied the water into a large basin leading to the channel through a bed and sidewall 
convergent. The same channel with a similar set up was used previously by Chanson & Docherty 
(2012) and Khezri & Chanson (2012b). A tainter gate was located next to the downstream end at x 
= 11.13 m when fully-closed and vertical as sketched in Figure 2-1B, where x is the longitudinal 
distance from the channel upstream end positive downstream. 
The PVC bed was covered by a rough bed made out of a layer of blue granite gravels sieved 
between 4.75 mm and 6.70 mm glued on plywood sheets. Figure 2-1B shows the general 
arrangement and Figure 2-1C details bed transitions at the upstream and downstream end of the 
fixed gravel bed section. The overall thickness of the gravel bed (plywood sheet plus glued gravels) 
was on average 15 mm, and it was installed between x = 1.98 m and x = 10.54 m, where x is the 
longitudinal distance from the channel upstream end. The same rough bed configuration was used 
by Chanson and Docherty (2012) and Khezri and Chanson (2012b). The hydraulic roughness of the 
fixed gravel bed yielded a Darcy-Weisbach friction factor f = 0.031 to 0.045, corresponding to an 
equivalent sand bed roughness height ks = 3.4 mm (Docherty and Chanson 2010). 
 
 
(A) Photograph view from the downstream end with the tainter gate on the foreground left 
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(B) Definition sketch with the initially steady flow direction from left to right and the bore 
propagation from right to left 
 
(C) Details of the bed transition regions - Left: transition from smooth PVC to fixed gravel bed at x 
= 1.98 m; Right: transition from fixed gravel bed to smooth PVC at x = 10.54 m 
Figure 2-1 - Experimental channel 
 
2.2 INSTRUMENTATION 
The discharge was measured with an orifice meter designed upon the British Standards (1951) and 
calibrated on site with a V-notch weir. The error was expected to be less than 2%. In steady flow, 
the water depth was measured using rail mounted pointer gauges and a ruler with a semi-circular 
footing with a 27.2 cm2 area (Fig. 2-2). Figure 2-2 shows the semi-circular footing used to zero the 
probe elevations above the irregular fixed gravel bed. The pressure and velocity were measured 
using a Prandtl-Pitot tube seen in Figure 2-2 (Right). The Prandtl-Pitot tube had an external 
diameter of 3.05 mm. The total head was measured through a 1.2 mm diameter tapping and the 
piezometric head was measured with eight 0.5 mm diameter holes spaced around the Pitot tube 
circumference. The dynamic and static tappings were separated by a longitudinal distance of 24.5 
mm. The vertical position of the Pitot tube was controlled by a fine adjustement traverse mechanism 
and measured with a MitutoyoTM digimatic scale unit (accuracy 0.025 mm). 
In the unsteady flow, the time-variation of free surface elevations was recorded using a series of 
acoustic displacement meters (ADM) MicrosonicTM MIC+25 sensor (Table 2-1). An ADM is a non-
intrusive sensor which was positioned above the channel free-surface. The ADM probes were 
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calibrated in steady flow conditions using the pointer gauge readings. In a first series of 
experiments, four ADM sensors were located at x = 4.0, 5.0, 6.0 and 10.8 m. During a second series 
of experiments, a total of 10 ADM sensors were used and located at x = 2.2, 2.75, 4.0, 5.0, 6.0, 7.0, 
8.0, 10.2 and 11.23 m. Note that the most downstream sensor was located downstream of the tainter 
gate. All ADM sensors were connected to a high speed data acquisition system NITM DAQ Card 
6024E with a maximum sampling capacity of 200,000 samples per second. 
 
  
Left: ruler with the semi-circular footing; Right: the Prandtl-Pitot tube set over the semi-circular 
footing placed on the rough fixed gravel bed (z = 0 at the lower surface of the footing) 
Figure 2-2 - Details of the semi-circular footing used to define z = 0 
 
The turbulent velocity measurements were performed with one or two acoustic Doppler 
velocimeters (ADVs) NortekTM Vectrino+ (Serial No. VNO 0436 and VNO 0802). Both units were 
equipped with a side looking head (Figure 2-3). An ADV unit uses the Doppler effect, emitting 
short acoustic pulses which echo on very small particles crossing a remote sampling volume located 
approximately 50 mm from the emitter. The instantaneous velocity is measured using the Doppler 
shift principle (Voulgaris and Trowbridge 1998; McLelland and Nicholas 2000; Nortek AS 2009). 
The ADV settings were a transmit length of 0.3 mm, sampling volume height of 1 mm and a 
velocity range of 1 or 2.5 m/s, while the sampling frequency was 200 Hz. The vertical elevation of 
the ADV was controlled by a MitutoyoTM digimatic scale unit mounted on a trolley. The ADV 
velocity signal outputs were sampled with the Vectrino software and the Vx velocity output was 
simultaneously recorded by the NITM DAQ Card to synchronise the velocity and free surface 
measurements (App. B).  
8 
Additional photographs and movies were obtained with a digital camera FujifilmTM FINEPIX T200 
and a dSLR camera PentaxTM K-7. Detailed photographs are reported in Appendix A. 
 
Table 2-1 - Characteristics of MicrosonicTM Mic+25/IU/TC sensor (Microsonic 2004) 
 
Parameter Value Remark 
Accuracy 0.18 mm  
Response time 32 ms  
Ultrasonic frequency 320 kHz  
Wave length (at 20°C) 1.1 mm  
Detection zone radius at operating range 22 mm  
Blind zone 30 mm From emitter 
Operating range 250 mm Could be extended to 350 mm 
Maximum range 350 mm  
 
  
Figure 2-3 - NortekTM Vectrino+ ADV side looking head details 
 
2.2.1 Prandtl-Pitot tube operation 
The pressure and velocity were measured in steady flow using a Prandtl-Pitot tube connected to an 
inclined manometer. The dynamic and static readings gave respectively the total head H1 and the 
piezometric head H2 .At a distance z above the bed, the pressure P, the time-averaged velocity xV  
and the specific energy E were calculated as: 
 )coszz(H
g
P
o2   (2.1) 
 )HH(g2V 21x   (2.2) 
 o1 zHE   (2.3) 
where  is the water density, g is the gravity acceleration, zo is the bed elevation, z is the elevation 
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above and normal to the invert, and  is the angle between the channel invert and horizontal. In 
each case, the bed elevation zo was checked to satisfy P = 0 at the free-surface (z = d). 
 
2.2.2 Integral turbulent time and length scales 
The turbulent integral length and time scales were calculated using a two-point measurement 
technique (Favre et al. 1957; Favre 1965; Cousteix 1989). The velocity measurements were cross-
correlated for a spacing  between the two points and a time lag : 
 ))t,z,y,x(v),t,z,y,x(v(R),(R zyxjiij   (2.4) 
where R is the normalised correlation function, x, y and z are the separation distances between 
sampling volumes in the x-, y- and z-directions, vi is the velocity fluctuation around the mean 
calculated over a period T (i.e. vi = Vi - iV ), and the subscript i and j refer to the velocity 
component direction (x,y,z). The time average is calculated as: 
 



2/Tt
2/Tt
ii 'dt)'t,z,y,x(VT
1)t,z,y,x(V  (2.5) 
where the averaging period T must be large such that the time-average becomes independent of the 
time t in a steady flow and of the averaging period T. In an unsteady flow, the integration limits 
must be large in comparison with the turbulent time scales but small compared to the time scale of 
the flow motion (Bradshaw 1971; Liggett 1994). 
An auto-correlation time scale may be estimated from single-point measurements (Cousteix 1989; 
Chanson and Carosi 2007): 
 



)0R(
0
iiii
ii
d),0(RT  (2.6) 
with the integration process being stopped at the first crossing. Similarly a cross-correlation time 
scale may be calculated for two-point measurements with the sampling volumes separated by a 
distance : 
 



)0R(
))R(R(
ijij
ij
maxijij
d),(R)(T  (2.7) 
Figure 2-4 illustrates the calculation of the cross-correlation time scale. 
Herein the integral turbulent length Li and time Ti scales were defined as: 
 



)0R(
0
maxiii
ii
d)),(R(L  (2.8) 
 



)0R(
0
maxiiii
i
i
ii
d)),0(R()(T
L
1T  (2.9) 
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The correlation time scale Tii is a time scale of an eddy of size  advected in the i-direction. The 
integral turbulent time scale Ti characterise a typical 'lifetime' of the flow coherence, while the 
integral length scale Li represents an average size of the advected eddies. 
In the present study, the two-point velocity measurements were obtained using two ADV units 
located at x = 5 m (i.e. 6.13 m upstream of the downstream gate). One ADV control volume was 
located on the channel centreline and the other was adjusted away from the channel centreline in the 
transverse direction. The control volume of the ADVs was separated by a distance y (Figure 2-5). 
The measurements were performed at four vertical elevations z for six transversal spacing y (Table 
2-2). Each experiment was repeated 5 times and the correlation functions were averaged. Some 
practical difficulties were experienced for y < 6 mm and 20 < y < 25 mm, when the two ADV 
units were interfering with each other, thus producing some meaningless signals. With the vertical 
velocity component, some interference occurred at each transverse separation distance y yielded 
meaningless correlation in term of Vz. 
For completeness, some unsuccessful tests were performed with longitudinal separation distance x 
as well as vertical separation distances z.  The ADV units were interfering with each other and 
produced meaningless velocity signals. Therefore only the transverse separation data are presented 
in the following sections. 
 
Table 2-2 - Flow conditions and settings for two-point velocity measurements 
 
Q 
(m3/s) 
do 
(m) 
Vo 
(m/s) 
/do z 
(m) 
y 
(m) 
0.053 0.112 0.957 0.63 0.012 0, 0.006, 0.009, 0.013, 0.018, 0.028 
    0.030  
    0.050  
    0.070  
 
Notes: do: flow depth measured at x = 5 m; Vo: flow velocity measured at x = 5 m; z: ADV 
sampling volume elevation above the bed; y: transverse spacing between ADV sampling volumes; 
: boundary layer thickness. 
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Figure 2-4 - Definition sketch of cross correlation function and correlation time scale 
 
 
Figure 2-5 - Sketch of the two ADV units with the sampling volumes separated by a transverse 
distance y - Flow direction from foreground to background 
 
2.3 INSTANTANEOUS FREE-SURFACE AND VELOCITY MEASUREMENTS 
The free surface elevation was recorded with ADM sensors. The signal outputs included some 
erroneous points when the emitted signal was reflected away from the receiver, inducing out of 
range or non-physical data. The erroneous data were removed and replaced by a linear interpolation 
between the two nearest valid points. 
The instantaneous velocity components were recorded using an ADV system (firmware version 
1.31) controlled with the software Vectrino+ version 1.20. The longitudinal velocity output was 
also sampled by the NITM DAQ Card data acquisition system to synchronise free surface and 
velocity measurements (App. B). Additionally, the ADV signal outputs included the level of signal 
strength, signal correlation and signal to noise ratio (SNR) for each beam. These parameters were 
used to assess the quality of the signal which could be adversely affected by the proximity of solid 
boundary near the control volume of the ADV or by a lack of particle in the flow (Chanson et al. 
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2007; Docherty and Chanson 2010). During the present study, some kaolin powder was added to 
the flow as seeding material to improve the signal quality. The kaolin powder was diluted in water 
for a quantity of 25 g/L and the solution was introduced upstream the channel convergent at a rate 
equivalent to about 7 g of kaolin per hour. The impact of seeding on the signal is illustrated in 
Figure 2-6. In Figure 2-6, the seeding solution reached the ADV control volume at t = 46 s. 
In steady flows, the post processing of ADV signal was conducted using the software WinADVTM 
v2.028. The signal filtering included the removal of communication errors, the removal of average 
signal to noise ratio data less than 5 dB and the removal of average correlation less than 60% 
(McLelland and Nicholas 2000). In addition spikes were removed using the phase-space 
thresholding technique developed by Goring and Nikora (2002) and modified by Wahl (2003). In 
unsteady flow, the mentioned post processing technique was not applicable (Koch and Chanson 
2009; Chanson 2010b). Only the removal of communication errors was performed. 
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(A) Longitudinal and transverse velocity components 
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(B) Signal amplitude and SNR 
Figure 2-6 - Typical ADV signal evolution in a steady flow without and with seeding the water with 
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kaolin - Measurement at x = 5 m, y = 0, z = 0.0179 m, Q = 0.0365 m3/s 
 
2.4 INITIAL FLOW CONDITIONS AND BORE GENERATION 
The initial flow conditions including discharges and channel slope were selected to generate both 
undular and breaking surges with a same initial discharge (Chapter 4). The main study was 
conducted at x = 5 m where the bore was developed and the boundary layer was almost fully-
developed (Section 3.2). 
The bore was generated by the rapid manual closure of a tainter gate located at the downstream end 
of the channel (xg = 11.13 m) (Fig. 2-7). After closure, the water initially accumulated against the 
gate, thus increasing the water depth and creating a surge propagating upstream into the channel. 
The full closure of the gate was estimated to take less than 0.2 s (Fig. 2-8). The rapid closure time 
was critical to ensure that the gate closure time had no effect on the bore generation. For a partial 
gate closure (hg > 0), only the gate interfered with the water (Fig. 2-8). After closure the angle  
between the gate and channel bed is reported in Table 2-3. More detail on the generation of the bore 
can be found in Appendix D. 
Each experiment was repeated every 5 minutes to achieve an ensemble average of the flow 
properties under the same flow conditions. The data recording was started 60 s prior to gate closure 
and stopped as the bore reached the upstream intake of the channel. 
 
Table 2-3 - Relationship between tainter gate opening and angle with the channel bed 
 
hg 
(mm) (deg.) 
0 90 
3 90.32 
9 90.97 
21 92.24 
27 92.87 
31 93.29 
36 93.81 
43 94.53 
44 94.64 
51 95.36 
55 95.76 
57 95.97 
62 96.47 
65 96.78 
79 98.18 
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Figure 2-7 - Sketch of the tainter gate at the downstream end of the channel 
 
  
Figure 2-8 - Photographs of a gate closure sequence generating a breaking bore propagating from 
right to left - Flow conditions: Q = 0.055 m3/s, hg = 0 - From left to right, top to bottom: t = -0.167 
s, 0 s, 0.2 s and 0.566 s (continue next page) 
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Figure 2-8 - Photographs of a gate closure sequence generating a breaking bore propagating from 
right to left - Flow conditions: Q = 0.055 m3/s, hg = 0 - From left to right, top to bottom: t = -0.167 
s, 0 s, 0.2 s and 0.566 s 
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3. BASIC STEADY FLOW PROPERTIES 
3.1 PRESENTATION 
The steady flow conditions were investigated at several longitudinal and transverse locations (Table 
3-1). For two discharges, the flow field was thoroughly studied to gain some detailed information 
on the initial flow properties including the velocity and pressure distributions. Further instantaneous 
velocity measurements were conducted with another discharge to characterise the velocity field next 
to the tainter gate (1). Herein, x is the longitudinal distance from the channel entrance positive 
downstream, y is the transverse distance from the channel centreline positive towards the left 
sidewall and z is the distance normal to the bed positive upwards. The reference flow conditions 
were the flow depth and velocity at x = 5 m. The bed slope was So = 0.0077 and the fixed gravel 
bed was located from x = 1.98 m to 10.54 m (Chapter 2). 
For all investigated flow conditions, the flow was supercritical upstream of the fixed gravel bed. A 
small hydraulic jump with a weak breaking roller took place immediately upstream of the gravel 
bed transition (Fig. 3-1). The position of the jump was the same for all investigated flow conditions. 
The flow was subcritical above the fixed gravel bed and the free surface was relatively smooth. At 
the downstream end of the fixed gravel bed section, the flow accelerated and became supercritical 
over the smooth PVC bed between the end of the fixed gravel bed section and the free overfall. 
Figure 3-2 presents the dimensionless free surface profiles along the entire channel. All the free-
surface elevation data are presented relative to the smooth PVC bed, with dc the critical flow depth. 
For each discharge, the free profile exhibited the same pattern. 
Figure 3-3 shows some typical dimensionless pressure distributions along the channel, with d the 
local water depth at the measurement location x. In the present study, the pressure distributions in 
the initially steady flow were hydrostatic at all measured locations along the channel. 
 
                                                 
1 although the gate was fully opened during these experiments. 
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(A) Photograph of the weak hydraulic jump upstream of the fixed gravel bed (Q = 0.036 m3/s) - 
Flow direction from left to right, with the photograph showing 1 < x < 2.5 m 
 
(B) Sketch of boundary layer development above the fixed gravel bed in the steady flow conditions 
Figure 3-1 - Hydraulic jump upstream of the fixed gravel bed and boundary layer development 
above the fixed gravel bed 
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Figure 3-2 - Dimensionless free surface profiles along the channel centreline in steady flows - Note 
that the gravel bed height is not at scale 
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Table 3 1 - Experimental steady flow conditions and measurement locations 
 
Q do Vo Water depth 
measurement 
location 
Velocity
locations 
measurement Instrumentation
   x x 2y/W  
(m3/s) (m) (m/s) (m) (m) (m)  
0.0364 0.085 0.85 0.7-11.22 2.2 0 Pitot, ADV 
    2.5 -0.9, -0.8, -0.5, 
0, 0.5, 0.8, 0.9 
Pitot 
    2.75 0 Pitot 
    3.02 0 Pitot 
    4.0 -0.9, -0.8, -0.5, 
0, 0.5, 0.8, 0.9 
Pitot, ADV 
    5.0 0, 0.5, 0.8, 0.9 Pitot, ADV 
    6.02 0 Pitot 
    7.0 0 Pitot 
    7.5 0, 0.5, 0.8, 0.9 Pitot, ADV 
0.0534 0.107 0.99 2.2-11.22 10.2 0 ADV 
    10.8 0 ADV 
0.0546 0.110 0.99 0.7-11.22 2.2 0 Pitot, ADV 
    2.5 -0.9, -0.8, -0.5, 
0, 0.5, 0.8, 0.9 
Pitot 
    2.75 0 Pitot 
    3.0 0 Pitot 
    4.0 -0.9, -0.8, -0.5, 
0, 0.5, 0.8, 0.9 
Pitot, ADV 
    5.0 0, 0.5, 0.8, 0.9 Pitot, ADV 
    6.02 0 Pitot 
    7.0 0 Pitot 
    7.5 0, 0.5, 0.8, 0.9 Pitot, ADV 
 
Notes: do: centreline flow depth at x = 5 m; x: longitudinal distance measured from the channel 
upstream end; y: transverse distance from the centreline; Vo: flow velocity at x = 5 m. 
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Figure 3-3 - Dimensionless distributions of pressure on the channel centreline at 4 longitudinal 
positions - Flow conditions: Q = 0.0546 m3/s 
 
3.2 VELOCITY DISTRIBUTIONS 
The time averaged velocity was recorded with a Pitot tube and an ADV system. The Pitot tube data 
could be considered as a reference data set for the ADV data which were sampled at 200 Hz for 60 s 
(12,000 samples) (2). Figure 3-4 and 3-5 present some typical measurements. Figure 3-4 show some 
comparison between Pitot tube and ADV data at x = 5 m for several transverse locations. The 
results showed a close agreement between Pitot tube (PT) and ADV velocity data. The velocity data 
indicated some sidewall effect in the near proximity of the glass sidewalls. For a smooth channel, 
Nezu and Nakagawa (1993) suggested a width to depth ratio W/d greater than 5 to 6 to achieve a 
quasi-two-dimensional flow. Herein the aspect ratio was W/do = 5.9 and 4.5 at x = 5 for Q = 0.036 
and 0.055 m3/s respectively. The glass sidewalls were considerably smoother than the fixed gravel 
bed, thus justifying a quasi-two-dimensional flow approximation. 
The velocity distributions were integrated across the channel width to check for conservation of 
mass: 
  




d
0z
2/W
2/Wy
x dzdyVQ  (3.1) 
                                                 
2 For a few vertical profiles, the experiments were repeated with sampling frequencies of 50, 100 and 200 Hz 
to ascertain that the sampling frequency selection had no effect on the results. 
20 
assuming xV  = 0 at the bed and sidewalls (no slip condition). The results showed a close agreement 
between the measured discharge and Equation (3.1) within 2%. For example, at x = 5 m, Equation 
(3.1) yielded 0.0359 m3/s and 0.0530 m3/s compared to measured discharges of Q = 0.0365 m3/s 
and 0.0546 m3/s respectively. While the difference was within the measurement error, Equation 
(3.1) tended to underestimate the flow rate, possibly because of the linear interpolation of the 
velocity profile in the boundary vicinity. 
Figure 3-5 shows the dimensionless velocity distributions on the channel centreline at various 
longitudinal locations, where Vc is the critical velocity. The velocity data indicated the presence of a 
developing boundary layer above the fixed gravel bed. For Q = 0.036 m3/s and 0.055 m3/s, the 
boundary layer became fully developed over the rough bed for respectively x > 4 m and x > 6 m: 
i.e., x/dc > 39 and 46 respectively. Within the developing boundary layer, the velocity distributions 
followed closely a power law (Schlichting 1979; Chanson 2004a): 
 
N/1
max
x z
V
V 


  0 < z/ < 1  (3.2) 
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(A, Left) Q = 0.036 m3/s, x = 5 m 
(B, Right) Q = 0.055 m3/s, x = 5 m 
Figure 3-4 - Dimensionless distributions of time-averaged longitudinal velocity component at x = 5 
m for several transverse positions - Comparison between Pitot tube (PT) and ADV data 
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(A) Q = 0.036 m3/s, Centreline data 
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(B) Q = 0.055 m3/s, Centreline data 
Figure 3-5 - Dimensionless velocity distributions along the channel in the initially-steady flow - 
Centreline data, Pitot tube measurements 
 
where Vmax is the free-stream velocity and  is the boundary layer thickness defined as the elevation 
where V = 0.99 Vmax. The finding is illustrated in Figure 3-5 showing some dimensionless velocity 
profile at x = 5 m. For the data shown in Figure 3-5, the boundary layer was fully developed at x = 
5 m and Q = 0.036 m3/s, while the flow is partially developed for Q = 0.055 m3/s with /do =0.62. 
For comparison, Docherty and Chanson (2010) used the experimental setup and found /do =0.64 at 
x = 5 m for Q = 0.050 m3/s. 
Figure 3-7 presents the velocity redistributions at the downstream end of the fixed gravel bed 
section: namely at x = 10.2 m above the fixed gravel bed and x = 10.8 m above the smooth PVC 
bed. At x = 10.2 m, the flow was fully-developed. As the flow passed from the rough fixed gravel 
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bed to the smooth bed, the flow was accelerated and became supercritical at x = 10.8 m. Above the 
smooth PVC bed, the velocity followed a power law with a velocity exponent N = 6.9, a result 
similar to the velocity exponent N = 7 observed over a smooth plate (Schlichting 1979; Chanson 
2004a; Koch & Chanson 2005). 
The developing boundary layer properties are summarised in Table 3-2, where 1 is the 
displacement thickness and 2 is the momentum thickness. 
 
Table 3-2 - Boundary layer properties in the initially-steady flows 
 
Q x d /d N 1 2 Boundary Bed 
       layer type 
(m3/s) (m) (m)   (m)    
0.036 2.2 0.093 0.39 4.03 0.008 0.005 P/D Gravel 
 2.5 0.089 0.42 3.72 0.008 0.005 P/D Gravel 
 2.75 0.087 0.55 4.99 0.008 0.006 P/D Gravel 
 3.02 0.085 0.59 5.43 0.008 0.005 P/D Gravel 
 4.0 0.085 0.74 4.46 0.012 0.008 P/D Gravel 
 5.0 0.085 -- 4.24 0.015 0.010 F/D Gravel 
 6.02 0.087 -- 4.64 0.015 0.010 F/D Gravel 
 7.0 0.085 -- 4.48 0.015 0.010 F/D Gravel 
 7.5 0.086 -- 4.29 0.015 0.010 F/D Gravel 
0.053 10.2 0.092 -- 4.21 -- -- F/D Gravel 
 10.8 0.084 -- 6.85 -- -- -- PVC 
0.055 2.2 0.110 0.35 4.82 0.007 0.005 P/D Gravel 
 2.5 0.115 0.38 3.93 0.009 0.006 P/D Gravel 
 2.75 0.116 0.39 4.69 0.009 0.006 P/D Gravel 
 3.0 0.108 0.43 5.16 0.008 0.005 P/D Gravel 
 4.0 0.107 0.54 5.04 0.010 0.007 P/D Gravel 
 5.0 0.110 0.62 4.32 0.014 0.009 P/D Gravel 
 6.02 0.113 -- 4.36 0.018 0.012 F/D Gravel 
 7.0 0.108 -- 4.53 0.018 0.012 F/D Gravel 
 7.5 0.112 -- 4.33 0.019 0.012 F/D Gravel 
 
Notes: F/D: fully-developed; P/D: partially-developed; Centreline data. 
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Figure 3-6 - Dimensionless distributions of longitudinal velocity component in the developing 
boundary layer at x = 5 m on the channel centre line (y = 0) - Comparison between Pitot tube (PT) 
data and power law 
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Figure 3-7 - Dimensionless distributions of longitudinal velocity upstream and downstream of the 
downstream end of the fixed gravel roughness - Q = 0.053 m3/s 
 
3.3 BOUNDARY SHEAR STRESS ESTIMATES 
The boundary shear stress may be derived from the velocity measurements by a range of methods. 
Relevant reviews include Nezu (2005), Koch and Chanson (2005), Chanson (2009) among others. 
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Herein the focus is on the boundary shear stress estimates above the fixed gravel bed for the flow 
conditions listed in Table 3-1. The boundary shear stress o and the shear velocity V* = (o/)1/2 
were estimated using a range of methods, depending whether the boundary layer flow was partially 
or fully developed. Figure 3-1B illustrates the development of the boundary layer above the fixed 
gravel bed in the steady flow conditions. Note that the boundary layer development upstream the 
gravel bed was omitted because the effect of the gravel bed was most influential. 
 
3.3.1 Methodology 
In the inner region of a developing turbulent boundary layer (Fig. 3-8), the velocity follows the law 
of the wall, or logarithmic law, over a smooth bed (Schlichting 1979; Chanson 2009) defined by: 
 21*
*
x DD
Vz
Ln1
V
V 


  for z/ < 0.1 to 0.15  (3.3A) 
where  is the von Karman constant,  is the kinematic viscosity, D1 is the constant for a smooth 
bed, and D2 is the extended part of the log law to account for some bed roughness (D2 = 0 for 
smooth bed). The von Karman constant is a universal constant which usually take a value close to 
0.4 (Nezu and Nakagawa 1993; Montes 1998; Chanson 2009; Schetz 2010). The constant D1 is 
close to 5.5 in smooth pipes (Schlichting 1979) and 5.0 to 5.3 in smooth open channels (Nezu and 
Nakagawa 1993; Montes 1998). In a fully-rough turbulent flow, the term D2 is (Nezu and 
Nakagawa 1993; Chanson 2009): 
 



*s
2
Vk
Ln13D  Fully-rough turbulent flow  (3.4) 
where ks is the equivalent sand roughness height. The law of the wall over a rough bed may be 
rewritten 
 3D
k
zLn1
V
V
1
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x 



  for z/ < 0.1 to 0.15  (3.3B) 
Herein, the shear velocity and the sand roughness height in a developing boundary layer were 
deduced from the best fit of Equation (3.3B) assuming  = 0.4 and D1 = 5. 
The boundary shear stress may also be estimated by applying the momentum integral equation in 
the developing boundary layer (Liggett 1994; Chanson 2009). This leads to the von Karman 
momentum integral equation: 
 2
max
omax
max
122
Vx
V
V
2
x 


  (3.5) 
where 1 and 2 are respectively the displacement and momentum thicknesses. Equation (3.5) was 
applied to a control volume selected between two vertical measurement sections and the resulting 
outcome is a spatial averaged boundary shear stress. The equivalent sand bed roughness ks was 
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deduced from the boundary shear stress estimate assuming a fully rough turbulent flow (Chanson 
2004b): 
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  (3.6) 
where DH is the hydraulic diameter and V is the depth-averaged flow velocity. 
In a fully-developed boundary layer flow (i.e.  = d), different methods may be used to estimate the 
boundary shear stress. For a gradually varied flow, the shear velocity may be deduced from the 
differential form of the energy equation (called backwater equation) (Henderson 1966, Chanson 
2004b): 
 
H
2
Dg2
Vf
x
H 
  (3.7) 
where H is the total head and f is the Darcy-Weisbach friction factor which is the dimensionless 
boundary shear stress: 
 2
o
V
8
f 
  (3.8) 
In a uniform equilibrium flow theory, when the velocity and depth no longer vary with the 
longitudinal distance, the boundary shear stress may be derived based upon momentum 
considerations (Chanson 2004a,b): 
  sin
4
D
g Ho  (3.9) 
where DH is the hydraulic diameter of the uniform equilibrium flow and  is the angle between the 
channel invert and the horizontal. From the boundary shear stress, the equivalent sand bed 
roughness was deduced assuming a fully rough turbulent flow (Eq. (3.6)). 
 
 
Figure 3-8 - Definition sketch of velocity profile in a developing turbulent boundary layer 
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3.3.2 Boundary shear stress estimates 
The shear velocity and the equivalent sand roughness height were calculated for the flow conditions 
listed in Table 3-1 using the method presented in section 3.3.1. The results are summarised in Table 
3-3. Note that the analysis was only conducted on the Pitot tube data (3). 
The results showed that the boundary shear stress estimates presented some scatter depending upon 
the estimation method. For example, the variables V* and ks were both significantly underestimated 
by the best fit of the law of the wall, when both variables were set free. Herein, ks was set at 3.5 mm 
to estimate the shear velocity based upon the logarithmic law. The momentum integral equation 
gave reasonably good qualitative estimates of the shear velocity despite some scatter, but the 
equivalent sand bed roughness estimates appeared unrealistic (Table 3-3). In the fully-developed 
flow region, the calculations were most consistent, and it is believed that the estimates of shear 
stress velocity and sand bed roughness based upon Equation (3.9) gave the most meaningful results. 
Overall the equivalent sand roughness height was estimated as ks  6 mm which was comparable to 
the typical gravel size ds = 5.7 mm and close to the findings of Docherty and Chanson (2010). The 
shear velocity was estimated as V*/Vc  0.076 in the fully-developed flow region. 
 
Table 3-3 Estimates of shear velocity and equivalent sand roughness height in steady flows 
 
Q Bed material Location Boundary 
layer 
V* ks Equation
(m3/s)  (m)  (m/s) (mm)  
0.036 Fixed gravel 2 < x < 4 P/D 0.061-0.074 3.5 (3.3B) 
    0.045-0.149 < 2.3 (3.5) 
  4 < x < 10.5 F/D 0.067-0.071 5.7-7.5 (3-7) 
    0.069 6.0 (3.9) 
0.055 Fixed gravel 2 < x < 6 P/D 0.069-0.082 3.5 (3.3B) 
    0.046-0.158 < 1.0 (3.5) 
  6 < x < 10.5 F/D 0.070-0.079 3.2-6.5 (3-7) 
    0.054 5.7 (3.9) 
 
Notes: F/D: fully-developed boundary layer; P/D: partially-developed boundary layer. 
 
3.4 TURBULENT VELOCITY FLUCTUATIONS AND REYNOLDS STRESSES 
In steady flows, some turbulent measurements were performed using an ADV system Figure 3-9A 
show the vertical distribution of the dimensionless velocity standard deviations. The experimental 
                                                 
3 The Pitot tube data were used because they were the only data set applicable to all methods, especially the 
best fit of the law of the wall. 
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data are compared with the correlation proposed by Nezu (2005) in fully-developed flows: 
 


d
zCexpD
V
'v
ii
*
i  (3.10) 
where vi' is the fluctuation (root mean square) of the velocity component in the i-direction (with i = 
x, y, z), and Di and Ci are dimensionless constants (4). At x = 5 m, the present results data compared 
well with Nezu's (2005) correlation in terms of the longitudinal and transverse velocity component 
fluctuations (Fig. 3-9A). Some larger values were measured in terms of the vertical velocity 
component fluctuations, and a previous study showed the adverse effect of the gravel bed on the 
ADV signal (Docherty and Chanson 2010). On the channel centreline, the ratio vy'/vx' was on 
average 0.56 while the ratio vz'/vx' was on average 1.5. The findings were consistent with previous 
experiments performed in the same channel highlighting some turbulence anisotropy (Koch and 
Chanson 2005; Chanson 2008; Docherty and Chanson 2010). 
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(A, Left) Dimensionless distributions of turbulent velocity fluctuation (RMS) - Comparison with 
Nezu's (2005) correlations for a smooth bed 
(B, Right) Dimensionless distributions of tangential Reynolds stresses 
Figure 3-9 - Dimensionless distributions of velocity fluctuations and tangential Reynolds stresses in 
steady flows at x = 5 m on the channel centreline 
                                                 
4 Di and Ci are dimensionless constants estimated as: Dx = 2.26, Dy = 1.27, Dz = 1.63, Ci = 0.88 based upon 
experiments performed above a smooth bed (Nezu 2005). 
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Figure 3-9B shows distributions of dimensionless tangential Reynolds stress on the channel 
centreline at x = 5 m. The tangential Reynolds stresses vxvy were relatively small as previously 
found in Koch and Chanson (2009). But the tangential Reynolds stresses vxvz and vyvz were 
significantly larger, likely linked with the large fluctuations of the vertical velocity component. 
 
3.5 TURBULENT INTEGRAL SCALES 
The integral turbulent time and length scales were calculated based upon two-point measurements 
using two ADV units, with their sampling volume separated in the transverse direction by a distance 
y. Figure 3-10 presents some typical cross-correlation functions for several transverse separation 
distances. Figure 3-11 show the effects of the separation distance y on the correlation time scales 
and maximum cross-correlation coefficients. Namely, a decreasing maximum correlation 
coefficient and integral time scale with increasing separation distance. The results indicated that the 
turbulence lost its coherence for y > 0.02 m (Fig. 3-11). The maximum cross-correlation 
coefficient was observed about  = 0 indicating that a coherent turbulent structure, advected by the 
longitudinal velocity, passed the two control volumes at the same time. For comparison, in the 
study of Favre (1965), some two-point measurement correlations were performed in the streamwise 
direction of the flow, and the maximum cross-correlation coefficient was observed for a time lag  
> 0. 
 
 (s)
R
xx
-0.3 -0.21 -0.12 -0.03 0.06 0.15 0.24
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Rxx(0.000, )
Rxx(0.006, )
Rxx(0.009, )
Rxx(0.013, )
Rxx(0.018, )
Rxx(0.028, )
  (s)
R
yy
-0.3 -0.21 -0.12 -0.03 0.06 0.15 0.24
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Ryy(0.000, )
Ryy(0.006, )
Ryy(0.009, )
Ryy(0.013, )
Ryy(0.018, )
Ryy(0.028, )
 
(A, Left) Correlation functions for Vx  (B, Right) Correlation functions for Vy 
Figure 3-10 - Velocity cross-correlation functions for different transverse separation distances y 
between probes at x = 5 and z = 0.030 m 
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Figure 3-11 - Cross-correlation time scales Txx and Tyy  and maximum cross-correlation coefficients 
as functions of the transverse  separation distances y between probes at z = 5 m and z = 0.012 m 
 
The turbulent integral time and length scale data are summarised in Table 3-4. Herein Lx and Tx are 
the turbulent integral length and time scales for the longitudinal velocity component based upon 
some cross-correlation in the transversal direction. All the measurements were conducted within the 
boundary layer flow (z/ < 1). The turbulent length scales were larger for the transversal velocity 
than for the longitudinal velocity (Ly/Lx 1.7) and the length scale data increased with increasing 
distance from the bed for z/ < 0.71. The turbulent length scales were about the same order of 
magnitude as the equivalent sand bed roughness ks = 0.006 m: i.e., Lx/ks  0.83 and Ly/ks  1.4 on 
average for all measurement points. The increase in turbulent length scale with increasing distance 
from the bed was consistent with Prandtl's (1925) turbulent mixing length model. The turbulent 
integral time scale data tended to show a maximum value about z/ = 0.43. The data implied Ty < 
Tx with Ty/Tx  0.6 on average (Table 3-4). 
The turbulent length scale of the velocity components characterised some flow coherence over the 
transversal direction. The results are presented in a dimensionless form in Figure 3-12. 
Interestingly, the length scale Ly was about proportional to the product of the time scale Ty by the 
advection velocity, and the data were correlated by: 
 
o
yx
o
y
d
TV
582.0
d
L   (3.11) 
No such relationship was observed between Lx and Tx. This might be linked with some influence of 
the gravel bed on the inner flow region. 
For completeness, the ADV sampling interval time was 0.005 s and the ADV sampling volume size 
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was 1-2 mm. Those characteristics were smaller than the turbulent integral time and length scales, 
although their effects on the data accuracy were not negligible. 
 
Table 3-4 Turbulent integral time and length scale data at x = 5 m - Flow conditions: Q = 0.053 
m3/s, do = 0.112 m, centreline data 
 
Q x do /do z z/do Lx (*) Ly (*) Tx Ty 
(m3/s) (m) (m)  (m)  (m) (m) (s) (s) 
0.053 5.0 0.112 0.63 0.012 0.11 0.0038 0.0058 0.040 0.018 
    0.030 0.27 0.0055 0.0095 0.056 0.020 
    0.050 0.45 0.0060 0.0100 0.031 0.017 
    0.070 0.63 0.0046 0.0085 0.011 0.013 
 
Note: (*): the accuracy of the values was about 1 mm because of the size of the ADV control 
volume and the accuracy of its spatial position. 
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Figure 3-12 - Dimensionless distributions of turbulent integral length and time scales - Flow 
conditions: Q = 0.053 m3/s, x = 5 m, do = 0.112 m, centreline data 
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4. FREE SURFACE CHARACTERISTICS AND FLOW PATTERNS IN 
UNSTEADY FLOWS 
4.1 PRESENTATION 
A detailed study of the surge free surface was performed for a range of flow conditions (Table 4-1). 
The measurements were performed non-intrusively using acoustic displacement meters (ADMs) 
placed along the channel centreline. For each set of flow conditions, the experiment was repeated 
25 times and the free-surface properties were ensemble averaged following Docherty and Chanson 
(2010,2012). The initially steady flow conditions are listed in Table 4-1 and were detailed in section 
3. Two discharges were used and a range of surge Froude numbers were tested (Table 4-1). For 
each experiment, the reference water depth and flow velocity, do and Vo respectively, were recorded 
at x = 5 m, where x is the longitudinal distance from the upstream channel end. 
The experimental observations showed several flow patterns depending on the bore Froude number 
defined as: 
 
o
o
dg
VU
Fr
  (4.1) 
where U is the bore celerity positive upstream, and g is the gravity acceleration. Two main types of 
bore were observed: undular and breaking (Fig. 4-1 and 4-2). For a Froude number less than 1, no 
bore was visible. For a Froude number between 1 and 1.4 to 1.5, the bore was undular (Fig. 4-1-A 
and 4-2B). The bore front, leading wave, was characterised by a smooth, gentle rise of water surface 
followed by a train of secondary undulations. For small Froude numbers less than 1.2 to 1.3, the 
free surface of the bore was smooth and nearly two-dimensional. The undulation amplitude and 
wave steepness tended to increase with increasing Froude numbers. For larger Froude numbers 
(1.2-1.3 < Fr < 1.4-1.5), the undulations became three-dimensional and some cross-wave patterns 
were seen on the leading wave and on the secondary waves (Fig. 4-2A and 4-3). The cross-waves 
initiated from the sidewalls upstream of leading wave and tended to intersect on the channel 
centreline next to the first wave crest. After intersection, the cross-waves continued to propagate 
downstream yielding a lozenge pattern viewed in elevation (Fig. 4-3). For Froude numbers about 
1.4, the cross wave intersection on the first wave crest induced the appearance of a small breaking 
roller on the channel centreline. For larger Froude numbers Fr > 1.5, the roller expended across all 
the channel width with a quasi two-dimensional appearance and the cross-waves disappeared. The 
bore roller was followed by small secondary undulations, with the height of these secondary waves 
decreasing with increasing Froude number (Fig. 4-1B and 4-2B). Once the breaking roller forms, 
some air entertainment took place in the bore front (Fig. 4-2B). Similar flow patterns were observed 
in earlier studies (Hornung et al. 1995; Koch and Chanson 2009; Chanson and Docherty 2012; 
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Khezri and Chanson 2012a). 
 
Table 4-1 - Experimental flow conditions for the surge free-surface measurements at x = 5 m 
 
Q hg do Vo Fr U Re dconj dmax aw Lw Bore type 
(m3/s) (mm) (m) (m/s)  (m/s)  (m) (m) (m) (m)  
0.0365 0 0.086 0.85 1.60 0.63 1.3E+5 0.166 0.192 0.027 0.590 Breaking + undulations 
0.0365 0 0.089 0.82 1.56 0.64 1.3E+5 0.167 0.191 0.030 0.602 Breaking + undulations 
0.0365 3 0.089 0.82 1.50 0.58 1.2E+5 0.165 0.203 0.043 0.573 Breaking + undulations 
0.0365 9 0.088 0.83 1.50 0.57 1.2E+5 0.160 0.202 0.048 0.554 Undular + cross-waves 
0.0365 21 0.088 0.83 1.45 0.51 1.2E+5 0.145 0.173 0.036 0.567 Undular + cross-waves 
0.0365 27 0.087 0.83 1.40 0.46 1.1E+5 0.139 0.160 0.029 0.597 Undular 
0.0365 36 0.088 0.83 1.32 0.40 1.1E+5 0.132 0.146 0.021 0.600 Undular 
0.0365 43 0.088 0.83 1.26 0.34 1.0E+5 0.125 0.135 0.014 0.606 Undular 
0.0365 43 0.087 0.84 1.29 0.35 1.0E+5 0.126 0.134 0.010 0.591 Undular 
0.0365 51 0.089 0.82 1.18 0.28 9.7E+4 0.119 0.123 0.008 0.598 Undular 
0.0365 57 0.088 0.83 1.14 0.23 9.2E+4 0.113 0.114 0.004 0.582 Undular 
0.0547 0 0.112 0.98 1.66 0.76 1.9E+5 0.216 0.234 0.023 0.758 Breaking + undulations 
0.0547 9 0.113 0.97 1.58 0.69 1.9E+5 0.208 0.234 0.031 0.749 Breaking + undulations 
0.0547 21 0.112 0.98 1.56 0.65 1.8E+5 0.203 0.236 0.040 0.758 Breaking + undulations 
0.0547 31 0.112 0.98 1.48 0.57 1.7E+5 0.189 0.236 0.048 0.698 Undular + cross-waves 
0.0547 44 0.112 0.98 1.43 0.52 1.7E+5 0.176 0.208 0.036 0.722 Undular + cross-waves 
0.0548 55 0.112 0.98 1.37 0.46 1.6E+5 0.169 0.192 0.028 0.731 Undular + cross-waves 
0.0547 62 0.113 0.97 1.31 0.41 1.5E+5 0.163 0.178 0.019 0.709 Undular + small cross-
waves 
0.0547 65 0.112 0.98 1.31 0.39 1.5E+5 0.160 0.174 0.020 0.737 Undular + small cross-
waves 
0.0548 79 0.112 0.98 1.21 0.28 1.4E+5 0.148 0.153 0.009 0.744 Undular 
 
Notes: do: flow depth measured at x = 5 m; Fr: surge Froude number at x = 5 m; hg: gate opening 
after closure; Re: Reynolds number defined as:  /d)UV(Re oo ;U: bore celerity at x = 5 m; Vo: 
flow velocity at x = 5 m. 
 
 
(A) Undular Bore (Fr < 1.4 to 1.5) 
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(B) Breaking bore (Fr > 1.5) 
Figure 4-1 - Definition sketches of undular and breaking bores 
 
 
(A) Undular bore with cross-wave - Details of the first wave crest, looking downstream - Flow 
conditions: Q = 0.036 m3/s, do = 0.088 m, Fr = 1.45, x = 5 m 
 
(B) Breaking bore propagating upstream - Flow conditions: Q = 0.0364 m3/s, do = 0.110 m, Fr = 
1.6, x = 5 m - Note the air entertainment in the bore roller 
Figure 4-2 - Photographs of bores propagating upstream 
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Figure 4-3 Sketch of an undular bore with cross waves - Left: front view looking downstream; 
Right: three-dimensional view looking downstream 
 
4.2 ENSEMBLE AVERAGED FREE-SURFACE PROPERTIES 
In some unsteady experiments performed under controlled flow conditions, such as the present 
positive surge study, the experiments may be repeated and the results may be ensemble-averaged to 
characterise the flow properties when a time average is not meaningful (Cousteix 1989). Herein 
each experiment was repeated 25 times and the free-surface characteristics of the bore were 
deduced from the ensemble-average. Further details on the ensemble-average method are presented 
in Appendix C. The present section is focused on the free surface properties at x = 5 m, i.e. xg-x = 
6.13 m upstream of the tainter gate where the bore was generated. 
Figures 4-4 and 4-5 present some typical ensemble-averaged median water depth at x = 5 m for 25 
runs. Each graph includes the 25 runs, the median water depth, the difference between the third and 
first quartiles d75-d25, the difference between the first and ninth deciles d90-d10, and the difference 
between maximum and minimum water depths dmax-dmin. The percentile differences (d75-d25, d90-d10, 
dmax-dmin) characterised the free-surface fluctuations around the median value. Figure 4-4 presents 
some results for an undular bore (Fr = 1.3) and two discharges (Re = 1.08×105 and 1.55×105). The 
data highlighted the smooth free-surface profile in the undular bore with relatively small water 
depth fluctuations. Figure 4-5 shows some data for a breaking bore (Fr = 1.6) with two discharges 
(Re = 1.26×105 and 1.87×105). For these flow conditions, the bore had a marked roller followed by 
some residual secondary undulations (Fig. 4-5). The breaking bore data showed some large 
fluctuations in free-surface elevation during the bore passage. The maximum free-surface 
fluctuations were observed during the first half of the bore roller, and the result was consistent with 
the findings of Docherty and Chanson (2012) in a breaking bore, and Mouazé et al. (2005), Murzyn 
and Chanson (2009), Chachereau and Chanson (2011) and Zhang et al. (2013) in stationary 
hydraulic jumps. 
All the data showed some larger free-surface fluctuations beneath the bore and beneath the 
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undulations compared to the initial flow properties. Beneath the undulations, the free-surface 
fluctuations tended to larger under the wave crests and smaller below the wave troughs (Fig. 4-4 
and 4-5). The present results were similar to the findings of Docherty and Chanson (2012). 
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(A) Q = 0.036 m3/s, do = 0.086 m, Fr = 1.60, Re = 1.08×105 
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(B) Q = 0.055 m3/s, do = 0.113 m, Fr = 1.58, Re = 1.55×105 
Figure 4-4 - Time-variation of the water depth at x = 5 m during the upstream propagation of an 
undular bore (Fr = 1.3) - The data include the 25 runs, the median water depth, the difference 
between the third and first quartiles d75-d25, the difference between the first and ninth deciles d90-
d10, and the difference between maximum and minimum water depths dmax-dmin 
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(A) Q = 0.036 m3/s, do = 0.086 m, Fr = 1.33, Re = 1.26×105 
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(B) Q = 0.055 m3/s, do = 0.113 m, Fr = 1.34, Re = 1.87×105 
Figure 4-5 - Time-variation of the water depth at x = 5 m during the upstream propagation of an 
breaking bore (Fr = 1.6) - The data include the 25 runs, the median water depth, the difference 
between the third and first quartiles d75-d25, the difference between the first and ninth deciles d90-
d10, and the difference between maximum and minimum water depths dmax-dmin 
 
4.3 EVOLUTION OF THE BORE PROPERTIES ALONG THE CHANNEL 
The observations showed some evolution of the bore shape and properties between its generation 
immediately upstream of the gate to the upstream end of the channel test section (x = 0). Visually 
the bore formation took place in a region about 1 to 1.5 m long upstream the gate where some 
strong splashing and turbulence took place, when the waters started to accumulate behind the closed 
gate (Appendices A & D). After formation, the surge accelerated briefly as it detached away from 
the gate and it reached its final form: undular or breaking. For an undular bore, the secondary 
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undulations developed once the bore had travelled for approximately 1 to 2 m upstream the gate. 
For a bore with a breaking roller, the secondary undulations appeared once the bore front travelled 
over a longer distance. The properties of the undulations were characterised by the amplitude aw of 
the first wave length, the first wave length Lw and its steepness aw/Lw. 
Figure 4-6 presents the longitudinal evolution of the bore celerity, Froude number and secondary 
wave steepness with increasing distance from the gate, where Vc is the critical flow velocity and L 
is the channel length (L = 12 m herein). In Figure 4-6A, the ADV sampling location (x = 5 m) is 
shown with a thick vertical dashed line. The bore celerity data showed that the surge accelerated 
during the first two meters corresponding to the bore generation zone (Fig. 4-6A). Afterwards, the 
bore propagation was gradual with some slight bore deceleration. The longitudinal evolution of the 
bore Froude number is presented in Figure 4-6B. Basically, the Froude number decreased gradually 
as the surge propagated upstream. The wave steepness data showed some scattered data (Fig. 4-6C). 
For breaking bores, the secondary wave steepness tended to increase with increasing distance from 
the gate. The trend may be linked with the gradual decrease in Froude number associated with some 
strengthening of the secondary waves. For undular bores, the wave steepness data tended to 
decrease with increasing distance from the bore formation. 
 
4.4 FREE SURFACE PROPERTIES 
In a positive surge, the flow properties upstream and downstream the bore front must satisfy the 
continuity and momentum principles (Henderson 1966; Liggett 1994; Chanson 2012). Assuming a 
hydrostatic pressure distribution in the bore front, a rectangular horizontal channel and negligible 
friction losses, the equations of conservation of mass and momentum gives a relationship between 
the conjugate depth ratio and the Froude number: 
 

  1Fr81
2
1
d
d 2
o
conj  (4.2) 
where do and dconj are respectively the water depth immediately before and behind the bore. 
Equation (4.2) is compared with present observations (Red stars symbols) as well as previous 
observations on smooth and rough beds. A reasonably good agreement was found between the 
experimental observations and theoretical equation, although the latter was developed ignoring bed 
friction. A similar finding was reported by Docherty and Chanson (2012), Chanson (2010b) and 
Khezri and Chanson (2012c). 
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(C) Ensemble-averaged bore steepness aw/Lw 
Figure 4-6 - Evolution of the bore ensemble averaged properties a function of the distance from the 
gate (xg-x) 
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Figure 4-7 - Dimensionless conjugate depth as a function of the Froude number- Comparison with 
the Bélanger equation (Eq. (4.2)) and earlier experimental data on smooth bed (Favre 1935; Benet 
and Cunge 1971; Treske 1994; Koch and Chanson 2009), rough bed (Chanson 2010; Docherty and 
Chanson 2012, Khezri and Chanson 2012c) and in the field (Benet and Cunge 1971; Navarre 1995) 
 
Considering an undular bore, the undulations have a quasi-periodic shape (Chanson 2010a). Figure 
4-8 shows the dimensionless wave amplitude and wave steepness for the present data set. The data 
are compared to previous results, a cnoidal wave solution (Anderson 1978) and the analytical 
solution of Lemoine (1948) based upon a linear wave theory approximation: 
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The characteristics of the breaking bore secondary waves are also shown in Figure 4-8. The data 
showed that both wave amplitude and steepness increased with increasing Froude number up to Fr 
 1-4 to 1.5. For larger Froude numbers, the amplitude and steepness tended to decrease with 
increasing Froude number. The maximum in wave amplitude and steepness is believed to be linked 
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with the onset of some light breaking at the first wave crest (Koch and Chanson 2008; Chanson 
2010a). The overall data trend was close to previous results (Koch and Chanson 2008; Chanson 
2010a; Docherty and Chanson 2012). Herein the bore shape and undulation properties were 
basically identical for both discharges. 
A comparison between the present data and earlier data on smooth bed suggested that the wave 
amplitude and steepness were slightly smaller on rough bed for a given Froude number. The 
observation was supported by the data of Chanson (2010) and Docherty and Chanson (2012) on 
rough beds, but not by the data set of Khezri and Chanson (2012c) also on rough bed (Fig. 4-8). 
Note that the maximum in wave amplitude wave steepness was reached for different Froude 
numbers depending upon the study. For example, Treske's (1994) data yielded a maximum value 
for Fr = 1.25, while the present data were maximum for Fr = 1.5. The differences might be linked 
with differences in flow conditions and instrumentation (Table 1-1). 
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(A) Dimensionless wave amplitude of first wave length 
Figure 4-8 - Secondary wave amplitude and steepness as functions of the Froude number - 
Comparison with the linear wave theory (Lemoine 1948), cnoidal wave theory (Andersen 1978), 
laboratory data (Treske 1994; Koch & Chanson 2009; Chanson 2010b; Docherty and Chanson 
2012; Khezri and Chanson 2012c), and prototype data (Lewis 1972 [Dee River]; Navarre 1995 
[Dordogne river]; Wolanski et al. 2004 [Daly River]) - The present data are ensemble-averaged 
(continue next page) 
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(B) Wave steepness 
Figure 4-8 - Secondary wave amplitude and steepness as functions of the Froude number - 
Comparison with the linear wave theory (Lemoine 1948), cnoidal wave theory (Andersen 1978), 
laboratory data (Treske 1994; Koch & Chanson 2009; Chanson 2010b; Docherty and Chanson 
2012; Khezri and Chanson 2012c), and prototype data (Lewis 1972 [Dee River]; Navarre 1995 
[Dordogne river]; Wolanski et al. 2004 [Daly River]) - The present data are ensemble-averaged 
 
Figure 4-9 shows the Ursell number Ur as function of the Froude number. The Ursell number is a 
dimensionless parameter used in wave mechanics to quantify the degree of nonlinearity of a wave 
(Holthuijsen 2007). In classical wave study, the cnoidal wave theory is commonly used when Ur < 
10, whereas the Stokes theory is used for Ur > 26. Herein the Ursell number was typically less than 
10 (Fig. 4-9). It increased with increasing Froude number until Fr = 1.4 to 1.5. The data did not 
follow Lemoine’s linear wave theory but they were close to previous results (Koch and Chanson 
2009; Chanson and Docherty 2012). 
Figure 4-10 presents the dimensionless relationship between maximum amplitude and water depth 
using Le Méhauté's (1976) presentation style, where Tw is the wave period. Note that the Le 
Méhauté's diagram was developed originally for ocean waves (Le Méhauté 1976), which have a 
different mechanisms to the tidal bore undulations. For undular bores, the present data fitted within 
the cnoidal theory. Chanson (2010a) argued that the linear theory gave the best fit of tidal bore 
undular shape, while Keulegan and Patterson (1940) showed that the undular surge data of Favre 
(1935) had properties close to those of cnoidal waves. 
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Figure 4-9 - Ursell number as a function of the Froude number -Comparison between the present 
study (ensemble averaged), earlier laboratory studies (Koch and Chanson 2009; Chanson and 
Docherty 2012) and the linear wave theory (Lemoine 1948) 
 
 
Figure 4-10 - Dimensionless maximum amplitude as function of the dimensionless water depth 
(Present data) - Comparison with Le Méhauté's (1976) classification for regular waves 
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5. TURBULENT VELOCITIES IN UNSTEADY FLOWS 
5.1 PRESENTATION 
Some unsteady free-surface and velocity measurements were performed simultaneously during the 
upstream propagation of positive surges using one or two acoustic Doppler velocimeters (ADVs). 
The bore was generated by the rapid closure of a tainter gate located at xg = 11.13 m. Herein the x-
direction is positive downstream with x = 0 at the channel intake of the channel, the y-direction is 
measured from the channel centreline positive towards the left sidewall, and z is the distance 
measured perpendicular to the channel bed. The ADV sampling volume was positioned on the 
channel centreline over the rough bed at x = 5 m. The velocity data were sampled at 200 Hz at 
several vertical elevations. All the measurements were performed for two discharges: Q = 0.036 and 
0.055 m3/s. For both discharges the gate closure hg was selected to generate two similar Froude 
numbers (Table 5-1). The experimental flow conditions are summarised in Table 5-1. 
In an unsteady flow, a time average of the velocity measurements is not meaningful. A solution 
consists in repeating the experiments several times and in performing an ensemble average to study 
the characteristics of the flow (Cousteix 1989). Herein, each experiment was repeated 25 times, and 
the ensemble average median of each velocity component was calculated. Each runs was 
synchronised in terms of the bore front passage (Appendices B and C). A similar ensemble average 
technique was performed in previous studies of positive surges (Chanson and Docherty 2012; 
Reichstetter 2011). 
 
Table 5-1 - Summary of experimental flow conditions for unsteady velocity measurements at x=5 m 
 
Q do Vo hg U Fr 

 oo d)UV( Bore type Nb of 
ADVs 
z/do 
(m3/s) (m) (m/s) (mm) (m/s)      
0.036 0.084 0.87 0 0.63 1.60 1.25×105 Breaking 1 0.068 to 
   43 0.35 1.33 1.02×105 Undular  1.143 
0.055 0.11 0.99 9 0.70 1.58 1.85×105 Breaking 1 0.052 to 
   62 0.40 1.34 1.52×105 Undular  1.122 
0.053 0.11 0.96 0 0.69 1.59 1.80×105 Breaking 2 0.11, 0.27,
   62 0.40 1.30 1.49×105 Undular  0.45, 0.64 
 
Notes: do: flow velocity measured at x = 5 m; U: bore celerity; Vo: flow velocity at x = 5 m. 
 
5.2 VELOCITY PROPERTIES 
Both undular and breaking bores presented a number of similar unsteady flow patterns (Fig. 5-1 to 
5.4). Figures 5-1 and 5-2 show some time-variations of the free-surface and velocity measurements, 
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while Figures 5-3 and 5-4 present some contour of the ensemble-averaged velocity components. 
The passage of the bore was characterised with a sudden longitudinal flow deceleration associated 
with a rapid increase in water depth. After the passage of the bore front, the longitudinal velocity 
tended to oscillate in response to the free surface secondary undulations as observed by Koch and 
Chanson (2008). The increase in water depth yielded a slower flow motion satisfying the 
conservation of mass (Koch & Chanson 2009). The longitudinal velocity deceleration was larger 
near the bed than in the upper part of the water column (Fig. 5-1A-B, Fig. 5-2A-B, Fig. 5-3A and 5-
4A). Similar deceleration magnitudes were observed by Chanson and Docherty (2012) in a breaking 
bore with secondary undulations over the same rough bed and Fr = 1.5. For example, in the present 
study and for both discharges, at z/do = 0.15 for the breaking bore (Fr = 1.6), the dimensionless 
longitudinal ensemble averaged velocity decreased by  xV /Vo = 1.2 from the steady flow velocity 
to the minimal velocity beneath the bore front. In Chanson and Docherty (2012), for Fr = 1.5 at z/do 
= 0.135, the dimensionless ensemble averaged velocity decelerated  xV /Vo = 1.1. 
The transverse velocity Vy was subjected to marked fluctuations during and after the bore passage.  
Although the ensemble averaged transverse velocity was nearly zero, the instantaneous transverse 
velocity presented fluctuations with relatively longer periods than in steady flow (Fig. 5-1C-D, Fig. 
5-2C-D). These fluctuations did not appear to be linked with the period of secondary oscillations 
but they may reflect the advection of large scale vortical structures behind the bore (Lubin et al. 
2010, Chanson 2011b,c). These macro-scale structures may have a great significance for sediment 
scour and transport. 
Finally, the vertical velocity data Vz presented a similar oscillating pattern evolution as the free 
surface undulations but out of phase by a about quarter of the wave period of oscillations (Fig. 5-
1E-F, Fig. 5-2E-F). The observation was consistent with that of Chanson (2010b). The vertical 
velocity Vz was typically positive when the free surface increased and negative when the free 
surface decreased, following the evolution of the water depth derivative. For a derivable (smooth) 
free surface at a given longitudinal position x, the vertical velocity at the free surface is the 
derivative of the water depth with respect of time: 
 
t
d)dz(Vz 
  (5.1) 
Figure 5-5 presents a comparison between the ensemble-averaged vertical velocity component zV  
and the time derivative of ensemble averaged water depth d/t at two vertical elevations. The data 
showed that the largest amplitude of vertical velocity oscillations was reached on the upper water 
column. The smallest amplitude of vertical velocity oscillations was seen next to the bed. Note that 
the bed is a streamline (Liggett 1994; Chanson 1999) and the data should tend to )0z(Vz   = 0 (for 
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a flat smooth bed). 
Some typical instantaneous velocities measurement of a breaking and an undular bore are presented 
in Figure 5-1 and Figure 5-2 respectively, and the data are compared with the ensemble averaged 
velocity results. The instantaneous transverse velocity presented longer period fluctuations in the 
unsteady flow than in steady flow. These low frequency fluctuations took place around zero average 
transverse velocity and were the largest in the breaking bore. The instantaneous vertical velocity 
showed high frequency fluctuations with large magnitude beneath the bore. Figure 5-3 and Figure 
5-4 present some contour mappings of the three components of ensemble averaged velocity together 
with the ensemble averaged dimensionless free surface. In each graph, the black straight lines 
corresponded to the vertical elevation of the ADV sampling volume. In Figure 5-3A, the black 
broken line denotes xV =0. 
The undular and breaking bore data presented however some marked differences. The flow 
deceleration was stronger in the breaking bore than in the undular bore for identical initial flow 
conditions. In the breaking bore, the flow reversal was clearly observed in terms of the ensemble 
averaged longitudinal velocity component for z/do < 0.4 beneath the bore front (Fig. 5-3A). Some 
negative longitudinal velocity samples were observed at higher depth in terms of the instantaneous 
velocity data. On the hand, no ensemble-averaged transient recirculation was observed beneath the 
undular bore, although some instantaneous negative longitudinal velocity components were 
recorded under the crest of the bore front next to the bed (Fig. 5-2A). In the breaking bore, some 
transient velocity reversal was also observed close to the gate (xg-x = 0.93 m). Previous 
experimental studies on smooth and rough beds showed the presence of transient velocity 
recirculation beneath the bore front (Koch and Chanson 2009; Chanson 2010b; Chanson and 
Docherty 2012; Khezri and Chanson 2012c) and this was also reported in numerical studies (Lubin 
et al. 2010; Furuyama and Chanson 2010). It is proposed that the transient flow recirculation 
developed beneath the bore front close to the gate (xg-x = 0.93 m) and was advected upstream with 
the bore. 
For the transverse velocity component Vy, some large deviations from zero were observed next to 
the bed beneath the breaking bore front: for example, in Figure 5-1C and D. It is unclear whether 
this pattern is typical of the breaking bore, or the result of intrusive wake effect induced by the 
ADV head. In the undular bore, such large fluctuations in transverse velocity were not observed. 
This might indicate an effect of the ADV unit on the flow during the transient velocity reversal 
process. Concerning the vertical velocity component, the data showed larger oscillations in the 
breaking bore than in the undular bore. This was likely linked with the steeper free-surface slope 
during the bore front and following secondary oscillations behind the breaking bore. 
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(A) Longitudinal velocity at z/do = 0.15 (B) Longitudinal velocity at z/do = 0.24 
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(C) Transverse velocity at z/do = 0.15 (D) Transverse velocity at z/do = 0.24 
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(E) Vertical velocity at z/do = 0.15 (F) Vertical velocity at z/do = 0.24 
Figure 5-1 - Time-variations of instantaneous velocity components, ensemble averaged velocity 
component and water depth in a breaking bore - Flow conditions: Q = 0.036 m3/s, do = 0.084 m, Vo 
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= 0.87 m/s, Fr = 1.60, x = 5 m 
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(A) Longitudinal velocity at z/do = 0.15 (B) Longitudinal velocity at z/do = 0.29 
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(C) Transverse velocity at z/do = 0.15 (D) Transverse velocity at z/do = 0.29 
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(E) Vertical velocity at z/do = 0.15 (F) Vertical velocity at z/do = 0.29 
Figure 5-2 - Time-variations of instantaneous velocity components, ensemble averaged velocity 
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component and water depth in an undular bore - Flow conditions: Q = 0.036 m3/s, do = 0.084 m, Vo 
= 0.87 m/s, Fr = 1.33, x = 5 m 
 
 
(A) Longitudinal velocity component 
 
(B) Transverse velocity component 
 
(C) Vertical velocity component 
Figure 5-3 - Dimensionless ensemble averaged velocity contour in breaking bore and ensemble 
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averaged water depth - Flow conditions: Q = 0.055 m3/s, x = 5 m, Fr = 1.58, breaking bore - The 
black broken line stands for 0Vx   
 
(A) Longitudinal velocity component 
 
(B) Transverse velocity component 
 
(C) Vertical velocity component 
Figure 5-4 - Dimensionless ensemble averaged velocity contour in undular bore and ensemble 
averaged water depth - Flow conditions: Q = 0.055 m3/s, x = 5 m, Fr = 1.34, undular bore 
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(A1) z/do = 0.28 (A2) z/do = 0.70 
(A) Breaking bore, Fr = 1.58 
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(B1) z/do = 0.28 (B2) z/do = 0.70 
(B) Undular bore, Fr = 1.34 
Figure 5-5 - Comparison between the ensemble averaged vertical velocity data and the derivative of 
the ensemble averaged water depth d/t - Flow conditions: Q = 0.055 m3/s, x = 5 m, do = 0.110 m, 
Vo = 0.99 m/s 
 
For a similar Froude number, the time-variations of all velocity components were similar for both 
discharges, suggesting no particular scale effect in terms of the velocity field within the investigated 
flow conditions (Table 5-1). Overall, the detailed velocity measurements yielded findings which 
were similar to a number of earlier observations (Hornung et al. 1995; Koch and Chanson 2009; 
Chanson 2010b; Chanson and Docherty 2012; Khezri and Chanson 2012c).  
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5.3 ENSEMBLE AVERAGED VELOCITY FLUCTUATIONS 
In the unsteady surge flow, series of 25 instantaneous velocity measurements were repeated at x = 5 
m for two Froude numbers, two discharges and several vertical elevations (Table 5-1). An ensemble 
median was systematically calculated with all 25 runs synchronised on the passage of the bore 
(Appendix C) For all velocity components, the differences between first and third quartiles (V75-
V25), first and ninth deciles (V90-V10), and maximum and minimum values (Vmax-Vmin) were 
calculated. The data provided some information on the turbulent velocity fluctuations. Some typical 
results are shown in Figures 5-6 to 5-9. 
Figures 5-6 and 5-7 present some typical velocity percentile differences in a breaking and undular 
bore at x = 5 m and z/do = 0.40. The data showed that the passage of the bore was always associated 
with large velocity fluctuations. Contour mappings of first and third quartile difference are 
presented in Figures 5 8 and 5-9 for a breaking and undular bore respectively. The experimental 
results showed that the largest velocity fluctuations were observed beneath the bore front for 4 < 
t(g/do)1/2 < 12 in the breaking bore and 2 < t(g/do)1/2 < 20 for the undular bore, with t= 0 at the 
leading edge of the bore. For all velocity components, the velocity fluctuations were the largest next 
to the bed. During the bore passage, the largest velocity fluctuations were found first very close to 
the bed. With increasing time, the location of maximum velocity fluctuations tended shift upwards 
on the mid-water column (Fig. 5-8 and 5-9). For example, for Fr = 1.6 and Q = 0.055 m3/s, the 
maximum velocity fluctuation (Vx,75-Vx,25)max was seen at z/do = 0.1 for t(g/do)1/2 = 6, and then at 
z/do = 0.53 for t(g/do)1/2 = 11. The largest velocity fluctuations occurred at about the same time as 
the largest free surface fluctuations (section 4). For the longitudinal velocity component, the data 
showed the largest fluctuations beneath the bore happened during the rapid flow deceleration. The 
transverse and vertical velocity fluctuation data showed the largest magnitude during the bore 
passage. The level of fluctuations decreased slightly with increasing time after the bore passage, the 
largest values being typically seen in the mid-level water column. 
The breaking bore flow exhibited larger fluctuations than the undular bore flow. The maximum 
fluctuations in longitudinal velocity beneath the breaking bore were about 20% larger than those in 
the undular bore. The transverse and vertical velocity fluctuations in the breaking bore were 
respectively about 40% and 30% larger than those in the undular bore. 
Altogether the results were observed for both discharges. Little difference was seen between the 
two series of experiments suggesting no scale effects within the range of experimental flow 
conditions. The present observations on ensemble-averaged velocity fluctuations were similar to 
that of Chanson and Docherty (2012), with the same intensities of velocity fluctuations in an 
experiment with similar Froude number on the same gravel bed. 
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Figure 5-6 - Ensemble-average median velocity data and velocity fluctuations in a breaking bore: 
differences between first and third quartiles (V75-V25), first and ninth deciles (V90-V10), and 
maximum and minimum values (Vmax-Vmin) - Comparison with ensemble-average median water 
depth - Flow conditions: Q = 0.036 m3/s, x = 5 m, do = 0.084 m, Fr = 1.60, z/do = 0.40 m,  - From 
top to bottom: Vx, Vy and Vz 
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Figure 5-7 - Ensemble-average median velocity data and velocity fluctuations in an undular bore: 
differences between first and third quartiles (V75-V25), first and ninth deciles (V90-V10), and 
maximum and minimum values (Vmax-Vmin) - Comparison with ensemble-average median water 
depth - Flow conditions: Q = 0.036 m3/s, x = 5 m, do = 0.084 m, Fr = 1.33, z/do = 0.40 m,  - From 
top to bottom: Vx, Vy and Vz 
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Figure 5-8 - Ensemble-average median velocity fluctuations in a breaking bore: difference between 
the first and third quartiles (V75-V25) - Comparison with the ensemble averaged water depth - Flow 
conditions: Q = 0.055 m3/s, x = 5 m, do = 0.11 m, Fr = 1.58 - From top to bottom: Vx, Vy and Vz 
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Figure 5-9 - Ensemble-average median velocity fluctuations in an undular bore: difference between 
the first and third quartiles (V75-V25) - Comparison with the ensemble averaged water depth - Flow 
conditions: Q = 0.055 m3/s, x = 5 m, do = 0.11 m, Fr = 1.34 - From top to bottom: Vx, Vy and Vz 
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5.4 TURBULENT STRESSES BENEATH POSITIVE SURGES 
The Reynolds stress tensor is a transport effect resulting from turbulent motion induced by velocity 
fluctuations with its subsequent increase of momentum exchange and mixing (Piquet 1999). This 
turbulent transport is a property of the turbulent flow. In a turbulent flow the instantaneous velocity 
is typically the sum of an average velocity plus a fluctuating component: V = V +v. In a steady 
flow, the average is the time average. In an unsteady flow with distinct large terms and short term 
fluctuation frequencies, the averaged velocity may be calculated as a low-pass filtered component, 
or a variable-interval time average (VITA) (Piquet 1999; Koch and Chanson 2009; Chanson and 
Docherty 2012)). For laboratory experiments under controlled flow conditions like herein, the 
experiments are repeated several times and the average is the ensemble average (Bradshaw 1971; 
Chanson & Docherty 2012). In the present study, each experiment was repeated 25 times to perform 
an ensemble average median of the velocity components: 
 25,1kk )V(MedianV   (5.2) 
where Vk is the instantaneous velocity for the run k. The averaged turbulent stress tensor 
components were calculated as: 
 25,1kkk )vv(Medianvv   (5.3) 
For clarity, the overbar will be dropped and the average Reynolds stress is denoted vv (from now 
on). 
The turbulent stress tensor includes the normal and tangential stresses tensor, although there is no 
fundamental difference between the two types of Reynolds stress component (Bradshaw 1971). 
Figures 5-10 to 5-13 illustrate some typical Reynolds stress data. Figures 5-10 and 5-11 present 
dimensionless ensemble median turbulent stresses at z/do = 0.40, while Figures 5-12 and 5-12 show 
some contour maps of the dimensionless normal stresses in breaking and undular bores. 
The results showed a number of typical features in positive surges. For both discharges and both 
undular and breaking bores, the turbulent normal and tangential stresses were larger beneath the 
bore front than in the steady flow: that is, in terms of both the amplitude of and fluctuations in shear 
stresses. The large values of turbulent stress were found close to the bed during the bore front 
passage. With increasing time, large shear stresses were observed in the mid-water column. 
Generally the shear stresses throughout the water column were larger behind the bore than in the 
initially-steady flow. The turbulent stress levels seemed to be linked with the rapid flow 
deceleration and the oscillations of the free surface. Large values were observed during the bore 
passage and flow deceleration, as well as beneath the wave crests, particularly for the longitudinal 
and transverse normal stresses. 
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(A) Normal turbulent stresses v2 
t.(g/do)1/2
v i
v j
/V
o2
d/
d o
-10 -5 0 5 10 15 20 25 30 35 40
-0.016 0.7
-0.012 0.9
-0.008 1.1
-0.004 1.3
0 1.5
0.004 1.7
0.008 1.9
0.012 2.1
0.016 2.3
0.02 2.5
(vxvy)median
(vxvz)median
(vyvz)median
dmedian
 
(B) Tangential turbulent stresses vv 
Figure 5-10 - Dimensionless ensemble-averaged turbulent Reynolds stresses beneath a breaking 
bore at z/do = 0.40 - Comparison with the ensemble averaged water depth - Flow conditions: Q = 
0.036 m3/s, x = 5 m, do = 0.085 m, Fr = 1.60, z/do = 0.40 
 
Compared to the undular bore, the breaking bore showed larger longitudinal and vertical normal 
stresses. On the other hand, the large turbulent stresses lasted longer at all measured depths in the 
undular bore than in the breaking bore as observed by Koch and Chanson (2008). These results 
were consistent with the velocity fluctuation data (section 5.3), as well as with previous studies 
(Koch & Chanson 2009; Chanson 2010b; Chanson & Docherty 2012, Khezri and Chanson 2012c). 
The data showed that, beneath the bore front, the turbulent stresses had larger values close to the 
bed. During and after the passage of the bore front, the largest normal stresses were observed at an 
elevation which increased with increasing time. In previous studies (Koch & Chanson 2009; 
Chanson 2010b), it was proposed that the large values of turbulent stressed observed in a breaking 
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bore for z/do > 0.5 were caused by the turbulent mixing layer developing in the roller. In this study, 
the turbulent stress distribution patterns did not differ close to the free surface between undular and 
breaking bores, and any effect of a turbulent mixing layer could not be inferred. Note that the ADV 
did not give reliable measurements when its beams were above the steady flow water depth (z/do > 
1) and the ADV metrology did not allow some detailed, accurate measurements of the turbulent 
flow field in the bore roller for z/do > 1. 
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(A) Normal turbulent stresses v2 
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(B) Tangential turbulent stresses vv 
Figure 5-11 - Dimensionless ensemble-averaged turbulent Reynolds stresses beneath an undular 
bore at z/do = 0.40 - Comparison with the ensemble averaged water depth - Flow conditions: Q = 
0.036 m3/s, x = 5 m, do = 0.084 m, Fr = 1.34, z/do = 0.40 
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Figure 5-12 - Contour of ensemble-averaged turbulent normal stresses in a breaking bore - 
Comparison with ensemble averaged water depth - Flow conditions: Q = 0.055 m3/s, x = 5 m, do = 
0.110 m, Fr = 1.58 - From top to bottom: vx2, vy2, vz2 
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Figure 5-13 - Contour of ensemble-averaged turbulent normal stresses in an undular bore - 
Comparison with ensemble averaged water depth - Flow conditions: Q = 0.055 m3/s, x = 5 m, do = 
0.110 m, Fr = 1.30 - From top to bottom: vx2, vy2, vz2 
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The present observations might not be compared simply with field data since, after the passage of a 
tidal bore, a strong flow reversal was generally observed during and after the passage of the bore 
(Kjerfve & Ferreira 1993; Simpson et al. 2004; Mouazé et al. 2010; Chanson et al. 2011; Reungoat 
et al. 2012) followed by a fast-flowing flood flow in some cases. However both field data and the 
present laboratory findings demonstrated large fluctuations and amplitude of the turbulent stress 
tensor components beneath the bore front. 
 
5.5 TURBULENT INTEGRAL TIME AND LENGTH SCALES IN UNSTEADY FLOWS 
5.5.1 Presentation 
For undular and breaking bores, measurements were repeated 5 times at several vertical elevations z 
using two ADV units separated by a controlled transverse distance to obtain quantitative 
information on the turbulent integral time and length scales (Table 5-2). The measurements took 
place at x= 5 m and Table 5-2 summarises the experimental flow conditons. The turbulent integral 
time and length scales were calculated by correlating the velocity signals (1) recorded 
simultaneously at two points (Favre 1965; Cousteix 1989) separated by a transverse spacing y and 
a time lag  (section 2.2.2). The cross-correlation function was calculated during the passage of the 
front over a time T, from the moment when the water started to rise to the first wave trough for both 
breaking and undular bore. This time interval T was selected to study the turbulent properties 
beneath the bore front. Note that the time period T was longer for the undular bore because the bore 
front was slower and the leading wave length longer than for the breaking bore. Further each 
experiment was repeated 5 times to perform an ensemble average of the cross-correlation function. 
The ensemble-averaged cross-correlation function was used to calculate the turbulent integral time 
and length scales of the bores. The turbulent integral length Ti and time Li scales (Chanson and 
Carosi 2007) were calculated as: 
 



)0iiR(y
0y
maxyiii d)),(R(L  (5.2) 
 


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)0iiR(y
0y
maxyiiyii
i
i d)),0(R()(TL
1T  (5.3) 
where i = x,y, and Tii is a cross-correlation time scale calculated for two-point measurements with 
the sampling volumes separated by a distance y (section 2.2.2): 
                                                 
1 The velocity signals were only processed by removing communication errors. 
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yijyij d),(R)(T  (5.4) 
Li and Ti represent respectively an integral length and time scale of large eddies convection by the 
flow motion (Chanson and Carosi 2007). 
In a first approach, the cross-correlation functions were calculated over the instantaneous velocity 
V. However, the longitudinal velocity component data presented a strong deceleration and it is 
believed that the correlations were biased by this flow pattern because the correlation calculations 
were no longer related to the small scale of the bore turbulence. 
In a second approach, the biases were removed by calculating the cross-correlation function based 
upon the velocity fluctuation v = V - V , where V  is the ensemble-averaged velocity. The 
correlations were computed for each velocity fluctuation and the correlations were ensemble 
averaged over 5 runs. In the breaking bore (Figure 5-14), the correlation functions did not present 
an obvious 'bell shape' typical of Gaussian distributions. For the fluctuation of the longitudinal 
velocity, the maximum cross-correlation coefficient values were scattered. The correlations of 
transversal velocities were centered about  =0 and the maximum values were more demarcated. In 
the undular bore (Figure 5-15), the correlation function for the longitudinal and the transversal 
unbiased velocity presented a 'bell shape' relatively close to the shape obtained in steady flow, but 
for y = 0. 
 
Table 5-2 - Flow conditions and measurement configurations for turbulent integral time and length 
scale measurements 
 
Q x do Fr Bore type T z/do y 
(m3/s) (m) (m)   (s)  (m) 
0.053 5.0 0.112 1.59 Breaking 1.6 0.012, 0.030, 0, 0.006, 0.009, 0.013, 
   1.30 Undular 2.4 0.050, 0.070 0.018, 0.028 
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Figure 5-14 - Ensemble averaged correlation functions in terms of Vx (Right) and Vy (Left) in a 
breaking bore - Flow conditions: Q = 0.053 m3/s, x = 5 m, do = 0.112 m, Fr = 1.59, z = 0.030 m 
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Figure 5-15 - Ensemble averaged correlation functions in terms of Vx (Right) and Vy (Left) in an 
undular bore - Flow conditions: Q = 0.053 m3/s, x = 5 m, do = 0.112 m, Fr = 1.30, z = 0.050 m 
 
5.5.2 Turbulent integral scales for the instantaneous velocities beneath the bores 
The turbulent time and length scales were calculated from the correlations of the instantaneous 
velocities. Table 5-3 presents the results in terms of the turbulent integral time and length scales for 
both breaking and undular bores. The integral time and length scales showed large values, 
particularly for the longitudinal velocity component. It is believed that the correlations were not 
meaningful of the turbulent macro-scales. For example, a time scale Tx with a value of 1.4 s would 
correspond to a Taylor length scale of the order of 1 m which was physically meaningless, since the 
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largest turbulent structures were bounded by the flow depth (~ 0.1 m) and channel with (0.50 m). In 
a breaking bore, the transversal velocity presented a negative correlation value beneath the bore 
which biased the correlation as well. Only the transversal velocity in an undular bore Table 5-3 had 
a reasonable correlation values beneath the bore. It will be shown latter that the values compared 
well with the unbiased velocity correlations since there was no marked bias on the transverse 
velocity of the undular bore generated. 
 
Table 5-3 - Turbulent integral time and length scales calculated based upon the instantaneous 
velocity signal 
 
Q x do Fr Bore type z z/do Lx Ly Tx Ty 
(m3/s) (m) (m)   (m)  (m) (m) (s) (s) 
0.053 5.0 0.112 1.59 Breaking 0.012 0.11 0.019 0.008 0.670 0.060 
     0.030 0.27 0.025 0.011 0.922 0.081 
     0.050 0.45 0.025 0.012 1.275 0.083 
     0.070 0.63 0.024 0.011 1.424 0.065 
   1.30 Undular 0.012 0.11 0.013 0.006 0.393 0.041 
     0.030 0.27 0.019 0.010 0.930 0.035 
     0.050 0.45 0.021 0.011 1.166 0.029 
     0.070 0.63 0.022 0.012 1.640 0.026 
 
5.5.3 Turbulent integral scales for the unbiased velocities or fluctuations beneath the bores 
The turbulent length and time scales were calculated for the breaking and undular bores based upon 
the cross-correlation functions calculated in terms of the velocity fluctuations. The results are 
presented in Table 5-4. 
In the undular bore, breaking bore and steady flow, the turbulent integral length scales Lx and Ly 
had a similar order of magnitude at all elevations. The turbulent length scales ranged from 4 mm to 
12 mm. At the depth z/do = 0.63, the length scales Lx and Ly were larger in the unsteady flow than 
in the steady flow. Close to the bed, the turbulent length scales were about the same order of the 
estimated equivalent sand bed roughness ks = 6 mm. 
The turbulent time scale data showed some marked difference between the breaking bore, undular 
bore and steady flow. For the longitudinal velocity time scale Tx, the values were similar close to 
the bed (z/do < 0.27) in both steady and unsteady flows. In the upper part of the flow, the unsteady 
flow conditions showed longer time scales Tx than in the steady flow, and the breaking bore 
presented smaller time scales Tx than in the undular bore. The turbulent time scale Ty was larger in 
the unsteady flow than in the steady flow. However Ty was larger in the breaking bore than in the 
undular bore. The larger turbulent integral time scales Ty in the unsteady flow, particularly in the 
breaking bore, might be linked with the flow deceleration. As the flow decelerated, the coherence of 
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the velocity over the two spaced points remained for a longer time. However, the flow deceleration 
does not explain why, close to the bed, Tx was not larger in the unsteady flow than in the steady 
flow. This might be linked with the some effect of the bed roughness. 
The ADV sampling interval time was 0.005 s and the ADV sampling volume height was a few 
millimetres. These characteristics were smaller than the turbulent integral time and length scale 
data, although impacted onto the accuracy of the results. 
Note that the turbulent length scale Ly and time scale Ty calculations yielded similar results for the 
unbiased transversal velocity and instantaneous transverse velocity. This would indicate that the 
removal of the averaged velocity component kept the size and time scale of the coherent turbulent 
structures. 
 
Table 5-4 - Turbulent integral time and length scales calculated based upon the unbiased velocity 
signal 
 
Q x do Fr Bore type z z/do Lx (*) Ly (*) Tx Ty 
(m3/s) (m) (m)   (m)  (m) (m) (s) (s) 
0.053 5.0 0.112 1.59 Breaking 0.012 0.11 0.0043 0.0069 0.038 0.039 
     0.030 0.27 0.0068 0.0102 0.058 0.049 
     0.050 0.45 0.0062 0.0097 0.050 0.051 
     0.070 0.63 0.0066 0.0089 0.051 0.037 
   1.30 Undular 0.012 0.11 0.0052 0.0064 0.042 0.033 
     0.030 0.27 0.0063 0.0095 0.053 0.032 
     0.050 0.45 0.0075 0.0101 0.062 0.027 
     0.070 0.63 0.0079 0.0117 0.055 0.025 
 
Note: (*): the accuracy of these data was not inferior to 1 mm because of the size of the ADV 
control volume and the accuracy of its spatial position from the ADV head, as well as the accuracy 
of the setting of the ADVs position. 
 
5.5.4 Summary 
In the unsteady flow and in the steady flow, the turbulent length scales Lx and Ly were comparable, 
indicating that the bore front had limited effects on the size of coherent structures in the transversal 
direction. However, the turbulent integral time scale Tx and Ty (for z/do > 0.45) were significantly 
different in the unsteady bore flow. This might result from the flow decelerating and the turbulent 
structures advected in the wake of the bore front. It is acknowledged that the two-point correlation 
study was limited to the analysis of the turbulent time and length scale only in the transversal 
spacing at few vertical elevations with a small number of run repeats. 
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6. CONCLUSION 
Positive surges are some unsteady open channel flow phenomenon corresponding to a sudden rise 
in free surface. A geophysical example, called a tidal bore, may appear in an estuary when a macro-
tide propagates upstream into a funnelled convergent estuary mouth. The literature on tidal bores, 
and the induced turbulent mixing, is limited and field studies are challenging as evidenced by a 
number of incidents. Herein tidal bore-like positive surges were studied in a laboratory under well-
controlled flow conditions. The surge was generated by the complete or partial closure of a 
downstream gate and the generated surge propagated upstream in a long channel covered by a 
rough fixed gravel bed. The physical study was based upon a Froude similarity. The type of bore, 
undular or breaking, was linked to the bore Froude number. Both breaking and undular bores were 
investigated in terms of the free-surface profile and unsteady velocity field for two different initially 
steady discharge (Table 6-1). The free surface of the bore was recorded by non-intrusive acoustic 
displacement meters (ADMs) and the instantaneous flow velocity components were measured with 
acoustic Doppler velocimetry (ADV) sampled at high frequency (200 Hz). The unsteady flow 
experiments were repeated 25 times and the data were ensemble averaged. 
The steady flow properties were investigated using a Pitot tube and acoustic Doppler velocimetry 
(ADV). The data showed the existence of a developing boundary layer at the upstream of the fixed 
gravel bed channel section. The time-averaged velocity profiles in the boundary layer followed a 
power law with an exponent 1/N varying between 1/5 and 1/4 over the gravel bed. The boundary 
shear stress was estimated using a number of methods. The estimated bed roughness height was ks  
6 mm close to the gravel median size (ds = 5.7 mm). 
The free surface evolution of the bore was studied for two discharges and a range of Froude 
numbers between 1.1 and 1.7. The ensemble-averaged free surface properties presented some data 
trends similar to earlier findings. In a breaking bore, the free surface fluctuations were the largest 
beneath the bore roller while large fluctuations were observed in the wake of the bore. In an undular 
bore, the free surface fluctuations increased during the bore but were significantly smaller then the 
breaking bore free-surface fluctuations. The free-surface flow patterns were independent of the flow 
discharge (hence Reynolds number) and distance travelled by the bore within the experimental flow 
conditions. 
The unsteady velocity measurements were performed for two Froude numbers and for two 
discharges for each Froude number (Table 6-1). Both breaking and undular bore flows were 
investigated. The ensemble averaged velocity data presented some features typical of positive 
surges. The longitudinal velocities were characterised by a sudden deceleration beneath the bore 
front. For the breaking bores, some longitudinal velocity transient recirculation was observed next 
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to the bed. Beneath the secondary waves, some instantaneous negative velocities were observed at 
wave crests for a few secondary undulations. Transient velocity reversal was also observed for the 
undular bores, but limited to the instantaneous velocity components, and closer to the bed than for 
breaking bores. The transverse velocities presented large fluctuations during and after the bore 
passage. The vertical velocities were closely linked with the free surface evolution. The turbulent 
stresses were larger beneath the bore close to the bed. After the bore front passage, the strongest 
fluctuations in terms of turbulent stresses were observed about the mid-water column and under the 
wave crests. The velocity fluctuation data suggested the advection of large scale vortical structures 
behind the bore front, such macro-scale eddies having a great significance for sediment motion in 
natural channels with movable boundary. 
Some measurements were conducted with two ADV units to calculate the turbulent integral length 
and time scales in the transverse direction. The data analyses showed that the turbulent length scales 
in steady and unsteady flows were similar in magnitude, with slightly larger values in the unsteady 
flow at the upper measurement location (z/do = 0.63). The turbulent integral time scales were larger 
in the unsteady flow. This was believed to be linked with the flow deceleration slowing down the 
advection of turbulent structures passing through the two measurements points aligned transversally 
to the flow. 
The laboratory study highlighted a few limitations. The intrusive effects of the ADV unit caused 
some physical limitation. The intrusion of the ADV head and stem changed slightly the water depth, 
consequently the Froude number, depending upon the head elevation. The study with two ADV 
units was adversely affected by some interference caused by the proximity of the probe sampling 
volume. It would be interesting to compare the results with a non-intrusive technique. 
Altogether the experimental data showed conclusively that the upstream bore propagation generated 
a strong unsteady turbulence and intense mixing. In the future numerical modelling might assist a 
detailed characterisation the unsteady velocity and pressure fields during a positive surge. It is 
intended that the present study will be completed by numerical simulations of positive surge using a 
large eddy simulation model, using the present data as validation data sets. 
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Table 6-1 - Summary of experimental flow conditions at x = 5 m 
 
Q hg do Vo Fr U Re Bore type Instrument 
(m3/s) (mm) (m) (m/s)  (m/s)    
0.0365 0 0.086 0.85 1.60 0.63 1.26×105 Breaking + undulations ADMs + ADV
0.0365 0 0.089 0.82 1.56 0.64 1.29×105 Breaking + undulations ADMs 
0.0365 3 0.089 0.82 1.50 0.58 1.24×105 Breaking + undulations ADMs 
0.0365 9 0.088 0.83 1.50 0.57 1.22×105 Undular + cross-waves ADMs 
0.0365 21 0.088 0.83 1.45 0.51 1.17×105 Undular + cross-waves ADMs 
0.0365 27 0.087 0.83 1.40 0.46 1.12×105 Undular ADMs 
0.0365 36 0.088 0.83 1.32 0.40 1.07×105 Undular ADMs 
0.0365 43 0.088 0.83 1.26 0.34 1.02×105 Undular ADMs 
0.0365 43 0.087 0.84 1.29 0.35 1.02×105 Undular ADMs + ADV
0.0365 51 0.089 0.82 1.18 0.28 9.7×104 Undular ADMs 
0.0365 57 0.088 0.83 1.14 0.23 9.2×104 Undular ADMs 
0.0547 0 0.112 0.98 1.66 0.76 1.93×105 Breaking + undulations ADMs + ADV
0.0547 9 0.113 0.97 1.58 0.69 1.86×105 Breaking + undulations ADMs 
0.0547 21 0.112 0.98 1.56 0.65 1.81×105 Breaking + undulations ADMs 
0.0547 31 0.112 0.98 1.48 0.57 1.72×105 Undular + cross-waves ADMs 
0.0547 44 0.112 0.98 1.43 0.52 1.66×105 Undular + cross-waves ADMs 
0.0548 55 0.112 0.98 1.37 0.46 1.60×105 Undular + cross-waves ADMs 
0.0547 62 0.113 0.97 1.31 0.41 1.54×105 Undular + small cross-waves ADMs + ADV
0.0547 65 0.112 0.98 1.31 0.39 1.52×105 Undular + small cross-waves ADMs 
0.0548 79 0.112 0.98 1.21 0.28 1.40×105 Undular ADMs 
 
Notes: ADMs: acoustic displacement meters; ADV: acoustic Doppler velocimetry; do: flow depth 
measured at x = 5 m; Fr: bore Froude number at x = 5 m: oo dg/)UV(Fr  ; hg: gate opening 
after closure; Re: Reynolds number defined as:  /d)UV(Re oo ;U: bore celerity at x = 5 m; Vo: 
flow velocity at x = 5 m. 
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APPENDIX A - PHOTOGRAPHS OF THE EXPERIMENTS 
Movies and pictures of the experiments were taken with a digital camera FujifilmTM FINEPIX 
T200. This appendix presents a series of photographs and video sequences of the channel 
configuration, the instrumentation, the steady flow condition, as well as the generation of the bore 
and its propagation. 
 
 
Figure A-1 - Water tank, flow straighteners and screens in the intake structure supplying the test 
section 
 
  
Figure A-2 - Instrumental set up - Left: Pitot tube located at x = 2.2 m from the intake - Right: two 
acoustic Doppler velocimeters (ADVs) facing each other at x = 5 m with an acoustic displacement 
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meter (ADM) between the probes 
 
 
Figure A-3 - Downstream end of the channel, steady flow going from left to right, ADVs located at 
x = 10. 2m and x = 10.8 m 
 
 
Figure A-4 - Introduction of kaolin in the steady flow (white streak) - Left: intake of the channel 
looking upstream with a streak of (white) kaolin - Right: kaolin plume propagating in hydraulic 
jump located upstream the gravel bed at x = 1.75 m looking downstream 
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Figure A-5 - Transitions between smooth PVC and fixed gravel bed with flow direction from left to 
right - Left: flow upstream of the gravel bed with the weak hydraulic jump immediately upstream of 
the fixed gravel bed - Right: flow downstream the fixed gravel bed 
 
Figure A-6 - Gate closing movie sequence - Time between frames: 0.1 s - Flow conditions: Q = 
0.053 m3/s, hg = 9 mm 
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Figure A-7 - Breaking bore propagating upstream (from right to left) at x = 5 m for Q = 0.036 m3/s, 
hg = 0 mm, Fr = 1.60 - Time between frames: 0.1 s 
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Figure A-8 - Breaking bore propagating upstream looking downstream viewed from x = 5 m - Flow 
conditions: Q = 0.053 m3/s, hg = 9 mm, Fr = 1.66 - Time between frames: 0.33 s 
 
  
   
  
Figure A-9 - Undular bore propagating upstream looking downstream viewed from x = 7 m - Flow 
conditions: Q = 0.036 m3/s, hg = 43 mm - Time between frames: 0.2 s 
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Figure A-10 - Leading wave of an undular bore propagating upstream from right to left at x = 5 m - 
Flow conditions: Q = 0.053 m3/s, hg = 62 mm, Fr = 1.36 
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APPENDIX B - TIME LAPSE CORRECTION METHOD OF VELOCITY 
AND FREE SURFACE ACQUISITION 
The instantaneous free surface elevation and velocity components were sampled by two different 
acquisition systems. The velocity data were recorded with a NortekTM Vectrino+ software while the 
free surface measurements were sampled by a National Instruments (NI) acquisition system using 
the software NITM VIlogger. A schematic of the setup is presented in Figure B-1. When two ADVs 
were used, both of them were connected together by the sync Vx signal to synchronise their sample 
pulse, as recommended in the Vectrino user manual (Nortek AS 2009). 
 
 
Figure B-1 - Sketch of the instrumental set up connection 
 
All signals were recorded in the same computer at the same sampling frequency (200 Hz). However 
the recording times as written in the output files generated by the acquisition systems were 
different. Some time lapse was arbitrarily introduced between the instantaneous free surface and 
velocity signals. The synchronisation between velocity and free surface signals were ascertained 
using a velocity component output signal, herein the longitudinal velocity, which was 
simultaneously recorded by the Vectrino+ and NITM systems (Fig. B-1). A method was developed 
to synchronise automatically the instantaneous free surface and velocity signals. Herein the signal 
recorded by the NITM system was used as the reference to find the time difference with the ADV 
signal. The raw signals were in m/s (Vectrino+) and Volt (NITM VIlogger) (Fig. B-2). The 
longitudinal velocity compared as follow: 
     K+t+tV=tV synciadvivolt  (B.1) 
where VVolt is the velocity signal recorded the NITM system in Volt, Vadv is the velocity signal 
sampled by the Vectrino+ software, ti is the sampling time, tsync is the time difference between the 
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two signals, and K is a constant. Both K and tsync are not unknown beforehand. However by 
subtracting Equation (B.1) to itself for two different times ti and tj, it yields: 
        syncjadvsynciadvjvoltivolt t+tVt+tV=tVtV   (B.2) 
Figure B-3 shows the resulting signal for the raw data presented in Figure B-2. Note that the raw 
signal was pseudo-random because of the turbulent nature of the flow, it did not reproduce 
identically twice on a large interval. Assuming that the signal was unique over a large number of 
point N (200 points were used), the time lapse tsync was obtained by shifting the modified velocity 
signal and the time lapse was found when the two signals matched. Using Equation (B.2), the 
following algorithm was used. 
Taking ta = t1-trec and tb = t1+trec, where t1 is time of passage of the bore toe in the NITM signal and 
trec is a large estimate of the difference between the lapse time of both softwares, the following sum 
was calculated: 
                  Nit 1+i1volti1volt1+isadvisadvsis t0,∈ t+tVt+tVt+tVt+tV.t+tE=tS  (B.3) 
where E(t) is zero if there is an ADV communication error or unity otherwise. The synchronisation 
time tsync between the two signals was found as the minimum of the function S (Fig. B-4). Figures 
B-5 and B-6 show the synchronised signals. Practically the minimum of the function S was always 
found to have a value close to zero for a unique time which was the synchronisation time tsync. 
 
 
Figure B-2 - Velocity signals recorded by the two acquisition systems before synchronisation 
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Figure B-3 - Modified signals after applying Equation (B.2) between t1 and tN 
 
 
Figure B-4 - Evolution of the function S calculated between ta and tb 
 
 
Figure B-5 - Matching modified signal using Equation (B.2) after synchronisation 
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Figure B-6 - Synchronised velocity signals 
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APPENDIX C - SYNCHRONISATION METHOD TO PERFORM THE 
ENSEMBLE AVERAGE OF THE DATA 
The unsteady flow experiments were repeated several times to perform some ensemble average of 
the measurements following Chanson and Docherty (2012) and Reichstetter (2011). The ensemble 
average was realised by superimposing the free surface evolution on the bore front shape of each 
generated bore. A method was developed to automatically superimpose the data. Physically, the 
water depth started by rising slowly prior to the bore (Koch and Chanson 2009), followed by a 
sudden increase during the leading wave passage, eventually with a roller for a breaking bore 
depending on the Froude number, and followed by a series of secondary waves. To achieve a 
synchronisation of the runs, the time of passage of the bore front had to be determined in the free 
surface signal. Using a typical data set as shown in Figure C-1, the bore front was located between 
the points t1 and t2 corresponding to the bore toe and the first wave crest. These characteristic times 
were determined by analysing the derivative of the de-spiked smoothed signal of water depth. 
Between two runs, the bore fronts were synchronised by shifting a free surface signal over the other 
signal until the area between the two curves was minimum. 
The process started with the definition of the interval along which the area between the free surface 
signals was computed. Taking (t1,run1, t2,run1) and  (t1,run2, t2,run2) as the time period corresponding to 
the bore front for two runs (Fig. C-1), let ta = t1,run1 and tb = ta + Min(t2,run1-t1,run1, t2,run2-t1,run2). 
Further let us define Ak the area between the two functions FSrun1 and FSrun2 representing the free-
surface elevation signal of both runs for a translation of k time step, the method is initialised by 
setting: 
      bait irun2irun10 t,t∈ tFStFS=A  (C.1) 
One curve is translated yielding: 
       bait k0irun21run1k t,t∈ tAσ+tFStFS=A   
  for   run22,run11,k ttO,∈t   and   000 A/A=Aσ   (C.2) 
The superposition time tsup is deduced from the time tk for which where Ak is minimum (Figure C-
2). The result of the superposed data is shown in Figure C-3. 
The method was used to synchronise a number of runs together using one reference free surface 
signal to match with the others. Practically a good synchronisation was observed. The method 
described herein was compared with a correlation analysis between several free surface signals. The 
correlation approach provides another way of matching the free surface signals. No significant 
difference could be noticed between the two techniques (Fig. C-4), although the correlation 
technique was performed over a larger number of points than the proposed technique. For a similar 
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result, the correlation needed to be performed over a time interval corresponding to the bore toe up 
to the third wave crest, when the present technique used an smaller time interval, namely between 
the bore toe and the first wave crest. It is believed that the smaller interval time presents some 
advantage over the correlation technique. 
 
 
Figure C-1 - Raw (unsynchronised) free surface signals (FS) - The area Ao between the two signals 
calculated between the bore toe and the first wave crest is highlighted 
 
 
Figure C-2 - Evolution of the area magnitude |Ak| with the translation of one free surface signal 
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Figure C-3 - Superposed free surface signals after synchronisation 
 
 
Figure C-4 - Comparison of the present synchronisation method with a method based upon the 
correlation between the signals for a set of 25 identical runs 
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APPENDIX D - INSTANTANEOUS FREE-SURFACE VELOCITY FIELD 
DURING THE BORE GENERATION 
D.1 PRESENTATION 
Positive surges were generated in a 12 m long channel by the rapid closure of a downstream tainter 
gate. During the generation of positive surge and its early stages of propagation, some highly 
turbulent processes took place and limited data are available to date (Lubin et al. 2010; Reichstetter 
2011). Herein some detailed velocity measurements were performed in the zone of bore generation 
immediately upstream of the gate using two acoustic Doppler velocimeters (ADVs). 
 
D.2 EXPERIMENTAL FACILITY AND FLOW CONDITIONS 
The channel was 12 m long, 0.5 m wide and 0.3 m high. The sidewalls were some glass panels and 
the channel bed was made of smooth PVC covered by a rough bed made of small gravel glued on 
plywood sheets between x = 1.98 m and x = 10.54 m, where x is the longitudinal distance from the 
upstream end of the glass-walled channel section. 
 In the steady and unsteady flow the free surface elevation was measured using several non-
intrusive acoustic displacement meters (ADMs) and the instantaneous velocity field was recorded 
with two NortekTM Vectrino+ acoutic Doppler velocimeters (ADVs) equipped with side-looking 
head. The ADV control volumes were located on the channel centreline. The ADV units were 
located at xg - x = 0.33 m and 0.93 m upstream of the gate. At xg -x = 0.33 m, the channel bed was 
smooth PVC while it was made of fixed gravel at xg - x = 0.93 m (Fig. D-1). Figure D-1A shows a 
sketch of the ADV locations and the transition from fixed gravel to smooth PVC was at xg - x = 
0.59 m. The effects of the upstream ADV on the downstream ADV signal were found to be 
negligible (Appendix E). 
A discharge of Q = 0.053 m3/s was used for all experiments. Figure D1-B presents the initially 
steady free-surface profile. The flow was supercritical downstream the gravel bed whereas it was 
subcritical over the rough bed. The bore was generated by the rapid closure of a downstream tainter 
gate located at x = 11.13 m (Fig. D-1A). The gate closure created a positive surge propagating 
upstream against the initially steady flow. Herein two gate openings after closure were used, hg = 9 
mm and 62 mm, to generate a breaking bore (Fr = 1.65) and an undular bore respectively (Fr = 
1.36). In the unsteady flow, the measurements were performed at five different elevations z, four 
below the initially steady free surface and one above (Table D-1). In Table D-1, d and V are 
respectively the initial water depth and the initial flow velocity at the sampling location x (4th 
column) while Fr is the bore Froude number measured at x = 5 m. At each longitudinal position x 
and vertical elevation z, the experiments were repeated 10 times and the results were ensemble-
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averaged (Table D-1). 
 
 
(A) Dimensioned sketch of the experiments setup - Initially steady flow direction from left to right 
and bore propagation from right to left 
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(B) Initially-steady free-surface profile on the channel centreline for Q = 0.053 m3/s - All water 
depths measured above the smooth PVC bed 
Figure D-1 - Sketch of the channel setup for the ADV measurements made immediately upstream 
of the gate (all dimensions in m) 
 
Table D-1 - Measurement locations and flow configuration 
 
Q hg Fr x Channel d V z/d Remarks 
(m3/s) (mm)  (m) bed (m) (m/s)   
0.053 9 1.65 10.20 Fixed gravel 0.101 1.06 0.196, 0.295, 0.491, Ensemble-average
 62 1.36     0.687, 1.24 over 10 runs 
 9 1.65 10.80 Smooth PVC 0.087 1.25 0.190, 0.286, 0.476,  
 62 1.36     0.667, 1.201  
 
Notes: d: initially steady flow depth at x; Fr: bore Froude number measured at x = 5 m; V: initially 
steady flow velocity at x 
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D.3 FREE SURFACE ELEVATION AND VELOCITY MEASUREMENTS IN THE UNSTEADY 
FLOW 
A range of flow conditions were investigated encompassing both undular and breaking bores (Table 
D-1). The instantaneous free surface elevation and velocity data were recorded at x = 10.8 m (xg - x 
= 0.33 m) and 0.2 (xg - x = 0.93 m). The rapid closure of the downstream gate blocked the water 
flow path, thus inducing some splashing of air and water between the gate and about x = 10.6 m. 
The water accumulated against the closed gate and the splashing evolved rapidly with time into a 
roller, before the positive surge started to propagate upstream (App. A, Fig. A-6). For the gate 
opening hg = 62 mm, the marked roller disappeared once the bore propagated for more than about 2 
m (x < 9.1 m). The secondary oscillations appeared distinctly about 1 m upstream of the gate (x < 
10.1 m). For the gate opening hg = 9 mm, the initial roller was significantly larger as a larger 
volume of water was blocked by the gate closure. The roller propagated upstream all along the 
channel. Some small secondary oscillations appeared behind the bore once it had propagated for 
approximately 1.5 m (x < 9.6 m). 
Some typical free-surface elevation data are presented in Figure D-2. Each graph shows the time 
variation of the flow depth on the channel centreline at several longitudinal locations. The results 
highlighted the generation of the bore immediately upstream of the gate (x = 10.8 m) and the 
progressive transformation of the bore for x > 6 m. Further upstream the bore was fully-developed 
and its free-surface profile changed little with increasing upstream distance. 
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(A) Undular bore (hg =62 mm) 
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(B) Breaking bore (hg = 9mm) 
Figure D-2 - Time variations of flow depth in undular and breaking bores (Q = 0.053 m3/s) - 
Ensemble-averaged data - Each curve was offset vertically by 0.1 m 
 
The instantaneous velocity data are presented in Figures D-3 to Figure D-12 in terms of the 
ensemble averaged velocity components together with the ensemble averaged water depth data.. 
Figures D-3 to D-7 show the breaking bore generation data while Figures D-8 to D-12 present the 
undular bore data. The results indicated a number of general trends during both undular and 
breaking bore generation. The longitudinal velocity component suddenly decreased beneath the 
bore front. The transverse velocity component data showed some large fluctuations. The vertical 
velocity component data presented some positive values for a short period of time beneath the bore 
front, and it is believe that this was linked with the free surface elevation increase. 
Some transient recirculation, with negative instantaneous longitudinal velocity component, was 
recorded next to the bed for both gate openings immediately upstream of the rough bed transition (x 
= 10.2 m). The transient recirculation region appeared to be higher for hg = 9 mm. Immediately 
upstream of the gate (x = 10.8 m), some transient recirculation was also observed at z/d = 0.29 and 
0.49 for the gate opening after closure (hg = 9mm), although this was not seen at z/d = 0.19. The 
latter was possibly linked with the proximity of the gate and the undershoot flow motion after gate 
closure. Interestingly, the transient flow recirculation was observed at both x = 10.5 & 5 m with the 
breaking bore. It was likely a flow feature of the breaking bore all along the fixed gravel bed 
section. 
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Figure D-3 - Ensemble averaged velocity and water depth measurement for Q =0.053 m3/s, hg = 9 
mm, z/d = 0.19 - From top to bottom, longitudinal velocity component Vx, transverse velocity 
component Vy, vertical velocity component Vz 
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Figure D-4 - Ensemble averaged velocity and water depth measurement for Q =0.053 m3/s, hg = 9 
mm, z/d = 0.29 - From top to bottom, longitudinal velocity component Vx, transverse velocity 
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component Vy, vertical velocity component Vz 
 
 
 
 
Figure D-5 - Ensemble averaged velocity and water depth measurement for Q =0.053 m3/s, hg = 9 
mm, z/d = 0.48 - From top to bottom, longitudinal velocity component Vx, transverse velocity 
component Vy, vertical velocity component Vz 
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Figure D-6 - Ensemble averaged velocity and water depth measurement for Q =0.053 m3/s, hg = 9 
mm, z/d = 0.67 - From top to bottom, longitudinal velocity component Vx, transverse velocity 
component Vy, vertical velocity component Vz 
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Figure D-7 - Ensemble averaged velocity and water depth measurement for Q =0.053 m3/s, hg = 9 
mm, z/d = 1.20 - From top to bottom, longitudinal velocity component Vx, transverse velocity 
component Vy, vertical velocity component Vz 
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Figure D-8 - Ensemble averaged velocity and water depth measurement for Q =0.053 m3/s, hg = 62 
mm, z/d = 0.19 - From top to bottom, longitudinal velocity component Vx, transverse velocity 
component Vy, vertical velocity component Vz 
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Figure D-9 - Ensemble averaged velocity and water depth measurement for Q =0.053 m3/s, hg = 62 
mm, z/d = 0.29 - From top to bottom, longitudinal velocity component Vx, transverse velocity 
component Vy, vertical velocity component Vz 
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Figure D-10 - Ensemble averaged velocity and water depth measurement for Q =0.053 m3/s, hg = 62 
mm, z/d = 0.48 - From top to bottom, longitudinal velocity component Vx, transverse velocity 
component Vy, vertical velocity component Vz 
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Figure D-11 - Ensemble averaged velocity and water depth measurement for Q =0.053 m3/s, hg = 62 
mm, z/d = 0.67 - From top to bottom, longitudinal velocity component Vx, transverse velocity 
component Vy, vertical velocity component Vz 
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Figure D-12 - Ensemble averaged velocity and water depth measurement for Q =0.053 m3/s, hg = 62 
mm, z/d = 1.20 - From top to bottom, longitudinal velocity component Vx, transverse velocity 
component Vy, vertical velocity component Vz 
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APPENDIX E - SENSITIVITY ANALYSIS OF THE ENSEMBLE AVERAGE 
TECHNIQUE 
E.1 PRESENTATION 
Some measurements were performed with acoustic Doppler velocimeters (ADVs) and acoustic 
displacements meters (ADMs) during the generation of positive surges (App. D). The experimental 
runs were systematically repeated to calculate the ensemble averaged flow properties. A sensitivity 
analysis was conducted to assess the effects of the number of repeat runs on the ensemble-averaged 
results. 
The experiments were carried on in a 12 m long channel (App. D). The unsteady flow motion was 
generated by the rapid closure of a downstream tainter gate. Further details on the facility and text 
conditions are detailed in Appendix D. The generation of the bore was repeated every five minutes 
to achieve the same initial steady flow conditions. The synchronisation of the data was base using 
the free surface measurements during the passage of the bore front before performing an ensemble-
median on the free surface elevation and velocity component data. 
 
E.2 ENSEMBLE AVERAGE TECHNIQUE: COMPARATIVE RESULTS 
The ensemble averaged longitudinal velocity component data were compared in terms of the 
number of repeat runs: 5, 10, 15 and 25. Figures E-1 to E-3 present the ensemble averaged water 
depth, longitudinal velocity component and velocity percentile difference V75-V25 at x = 10.2 m. 
Similar results were observed at x = 10.8 m 
With 5 repeat runs, the ensemble averaged results provided the general trend: i.e., a large velocity 
deceleration during the bore passage. But some out-of-synchronisation of about 0.1 s was observed 
compared to the 25-repeat-run ensemble averaged results. The quartile difference V75-V25 data 
calculated with 5 runs did not compared well with the 25-repeat-run data. With 10 and 15 repeat 
runs, the ensemble averaged velocity data compared favourable with the 25-repeat-run ensemble 
averaged results. Similarly the quartile differences V75-V25 calculated with 10 and 15 repeat runs 
followed the general trend of the 25-repeat-run ensemble averaged data. 
In summary, the sensitivity analysis performed on the ensemble averaged results was conducted on 
the longitudinal velocity component signal at x = 10.2 and 10.8 m. Using the ensemble averaged 
data calculated based upon 25 runs as reference data set, the ensemble average based upon 10 and 
15 repeat runs provided reasonable results. On the other hand, the data calculated based upon 5 
repeat runs only exhibited some differences suggesting that the number of repeat runs was 
insufficient. 
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Figure E-1 - Ensemble averaged longitudinal velocity component and difference of the 3rd and 4th 
quartiles - Ensemble median calculated based upon 5 and 25 runs - Flow conditions: Q = 0.053 
m3/s, hg = 9 mm, x = 10.2 m, z/d = 0.689 
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Figure E-2 - Ensemble averaged longitudinal velocity component and difference of the 3rd and 4th 
quartiles - Ensemble median calculated based upon 10 and 25 runs - Flow conditions: Q = 0.053 
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m3/s, hg = 9 mm, x = 10.2 m, z/d = 0.689 
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Figure E-3 - Ensemble averaged longitudinal velocity component and difference of the 3rd and 4th 
quartiles - Ensemble median calculated based upon 15 and 25 runs - Flow conditions: Q = 0.053 
m3/s, hg = 9 mm, x = 10.2 m, z/d = 0.689 
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APPENDIX F - INTRUSIVE EFFECT OF THE ACOUSTIC DOPPLER 
VELOCIMETER PROBE 
F.1 PRESENTATION 
An acoustic Doppler velocimeter (ADV) is designed to measure the instantaneous velocity based 
upon the Doppler Effect. The measurements are performed in a remote volume control to minimise 
the interferences of the instrument. In the present study, the probe head consisted of four receivers 
and an emitter attached to a stem of 7-8 mm diameter. Even though the sampling volume is 50 mm 
away from the probe head, the submerged probe system induced some blockage effect which might 
affect adversely the flow motion by increasing locally the water depth and generating some 
turbulence in the stem wake (Fig. F-1). In turn this might affect the positive surge flow since the 
Froude number is linked with the initially steady flow depth do: 
 
o
o
dg
UVFr   (F.1) 
where Vo is the initially steady flow velocity, U is the bore celerity, and g is the gravity acceleration. 
In this appendix, the intrusive effect of the ADV probe system is reviewed. 
 
 
Figure F-1 - Wake behind the ADV stem - Flow direction from top left to bottom right 
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F.2 EFFECT ON THE FREE SURFACE MEASUREMENTS 
The presence of the ADV system induced some blockage and a associated free-surface elevation 
change depending on the relative elevation z/do of the head. Figure F-2 shows the effects of the 
ADV head elevation x on the initially steady flow depth do and surge Froude number at x = 5 m. As 
the ADV was placed deeper in the flow, the projected area of the ADV head and stem increased, 
thus increasing the blockage ratio, and the initially-steady water depth increased while the surge 
Froude number decreased (Fig. F-2). The difference between the maximum and minimum steady 
flow water depth was 3.5 mm for both discharges. These variations in flow depth would induce a 
difference in bore Froude number of about 0.05 to 0.07. The bore celerity U fluctuated around a 
mean value independently of the ADV sampling volume elevation z. The fluctuations in bore 
celerity were between 0.007 and 0.017 m/s. 
A series of experiments was further conducted with two ADV units placed at x = 5 m. The two 
ADV heads were facing each other at the same vertical elevation z and were separated in the 
transverse direction. For those experiments, the initially steady flow water depth increased by up to 
8 mm when the ADVs were fully immersed. However the majority of measurements with this setup 
were conducted for z/d > 0.3, for which the change in water depth caused by the ADVs' immersion 
was less than 2 mm. 
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(A) Flow condition: Q = 0.036 m3/s, hg = 0 mm, do = 0.0839 m (in absence of ADV) 
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(B) Flow condition: Q = 0.055 m3/s, hg = 9 mm, do = 0.1106 m (in absence of ADV) 
Figure F-2 - Effect of the ADV head elevation z on the initially steady flow depth do and bore 
Froude number Fr at x = 5 m - Ensemble averaged data measured on the channel centreline (y = 0) 
 
F.3 EFFECT ON THE VELOCITY MEASUREMENTS AT THE DOWNSTREAM END OF THE 
FIXED GRAVEL BED 
A series of measurements were performed with two ADV units placed at two different longitudinal 
locations (x = 10.2 and 10.8 m).  The ADV sampling volumes were aligned on the channel 
centreline and placed upstream and downstream the end of the fixed gravel bed. The effects of the 
upstream ADV's wake on the downstream ADV were studied through a comparison of the velocity 
velocity fluctuation profiles. Figure F-3 shows the vertical distributions of the time-averaged 
velocity components in steady flow for one ADV located at x = 10.8 m and for two ADVs at x = 
10.2 m and 10.8 m. The data showed no significant difference in terms of velocity profile and the 
results implied that the wake effect of the upstream ADV was negligible for the experimental flow 
conditions. Figure F-4 shows the vertical distributions of turbulent velocity fluctuations. Again the 
data showed little effect of the upstream ADV on the vertical distributions of turbulent velocity 
fluctuations within the experimental flow conditions. 
 
F.4 SUMMARY 
The introduction of an ADV in the flow induced some blockage and affected the water depth, hence 
the bore Froude number, although the bore celerity was not influenced by the probe presence. The 
effects of the ADV on the velocity field were negligible in steady flows. This was not tested in 
unsteady flows. 
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Figure F-3 - Vertical distributions of time-averaged velocity profiles (Q = 0.053 m3/s) - Comparison 
between one ADV located at x = 10.8 mm and two ADVs located at x = 10.2 m and x = 10.8 m 
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Figure F-4 - Vertical distributions of velocity standard deviations (RMS) (Q = 0.053 m3/s) - 
Comparison between the measurement with one ADV located at x = 10.8 m and two ADVs located 
at x = 10.2 m and 10.8 m 
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APPENDIX G - ENSEMBLE AVERAGED FREE SURFACE DATA OF THE 
BREAKING AND UNDULAR BORES 
G.1 PRESENTATION 
The experiments on positive surges over the gravel bed were all repeated 25 times to perform an 
ensemble average of the instantaneous free-surface data. Between each repetition of a bore, the 
steady flow conditions were left unchanged for 5 minutes to achieve the same initial condition. A 
series of acoustic displacement meters (ADMs) were used to record the evolution of the free surface 
at several longitudinal locations. The data were synchronised following the method detailed in 
Appendix C. 
The present appendix regroups a number of dimensionless graphs presenting the time evolution of 
the free surface measured at x = 5 m where x is the distance from the channel intake, do is the initial 
water depth at x =5 m, Q is the discharge and Fr is the bore Froude number. Each graph includes 
the superimposition of the free surface data of the 25 runs, the ensemble averaged median water 
depth dmedian, the difference between the 3rd and 1st (d75-d25), the difference between 90% and 10% 
percentiles (d90-d10) and the difference between maximum and minimum water elevation 
observations (dmax-dmin). 
 
G.2 RESULTS 
G2.1 Q = 0.036 m3/s 
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Fig. G-1 - Ensemble averaged free surface data for a breaking bore: Fr = 1.56, Q = 0.036 m3/s, do = 
105 
0.089 m, hg = 0 mm 
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Fig. G-2 - Ensemble averaged free surface data for a breaking bore: Fr = 1.50, Q = 0.036 m3/s, do = 
0.089 m, hg = 3 mm 
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Fig. G-3 - Ensemble averaged free surface data for a breaking bore: Fr = 1.50, Q = 0.036 m3/s, do = 
0.089 m, hg = 9 mm 
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Fig. G-4 - Ensemble averaged free surface data for a breaking bore: Fr = 1.45, Q = 0.036 m3/s, do = 
0.089 m, hg = 21 mm 
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Fig. G-5 - Ensemble averaged free surface data for a breaking bore: Fr = 1.40, Q = 0.036 m3/s, do = 
0.089 m, hg = 27 mm 
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Fig. G-6 - Ensemble averaged free surface data for a breaking bore: Fr = 1.32, Q = 0.036 m3/s, do = 
0.089 m, hg = 36 mm 
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Fig. G-7 - Ensemble averaged free surface data for a breaking bore: Fr = 1.26, Q = 0.036 m3/s, do = 
0.089 m, hg = 43 mm 
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Fig. G-8 - Ensemble averaged free surface data for a breaking bore: Fr = 1.18, Q = 0.036 m3/s, do = 
0.089 m, hg = 51 mm 
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Fig. G-9 - Ensemble averaged free surface data for a breaking bore: Fr = 1.14, Q = 0.036 m3/s, do = 
0.089 m, hg = 57 mm 
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G2.1 Q = 0.055 m3/s 
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Fig. G-10 - Ensemble averaged free surface data for a breaking bore: Fr = 1.66, Q = 0.055 m3/s, do 
= 0.112 m, hg = 0 mm 
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Fig. G-11 - Ensemble averaged free surface data for a breaking bore: Fr = 1.56, Q = 0.055 m3/s, do 
= 0.112 m, hg = 21 mm 
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Fig. G-12 - Ensemble averaged free surface data for a breaking bore: Fr = 1.48, Q = 0.055 m3/s, do 
= 0.112 m, hg = 31 mm 
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Fig. G-13 - Ensemble averaged free surface data for a breaking bore: Fr = 1.43, Q = 0.055 m3/s, do 
= 0.112 m, hg = 44 mm 
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Fig. G-14 - Ensemble averaged free surface data for a breaking bore: Fr = 1.37, Q = 0.055 m3/s, do 
= 0.112 m, hg = 55 mm 
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Fig. G-15 - Ensemble averaged free surface data for a breaking bore: Fr = 1.31, Q = 0.055 m3/s, do 
= 0.112 m, hg = 65 mm 
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Fig. G-16 - Ensemble averaged free surface data for a breaking bore: Fr = 1.21, Q = 0.055 m3/s, do 
= 0.112 m, hg = 79 mm 
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APPENDIX H - ENSEMBLE AVERAGED VELOCITY DATA IN BREAKING 
AND UNDULAR BORES 
H.1 PRESENTATION 
In breaking and undular positive surges, several series of 25 instantaneous velocity measurements 
were repeated at several elevations z above a gravel bed for two discharges Q (Table H-1). The 
instantaneous velocity components were recorded with a NortekTM acoustic Doppler velocimeter 
(ADV) located on the channel centreline at x = 5 m from the channel intake, that is 6.13 m upstream 
of the gate used to generate the positive surge. The initial flow conditions do and Vo were 
respectively the initial water depth and initial flow velocity at x = 5 m. Fr is the bore Froude 
number and U is the bore velocity. 
The bores were repeated every 5 minutes, to ensure that the initial flow condition were well-defined 
and unchanged between each run. An ensemble median of the velocity time series was performed 
for each vertical elevation. The data were synchronised on the bore passage using the methods 
described in Appendix B and C. The results of the measurements are presented below. 
 
Table H-1 - Summary of experimental flow conditions for the ensemble averaged velocity 
measurements performed at x = 5 m 
 
Q do Vo Fr U Bore type ADV measurement elevations z/do 
m3/s m m/s  m/s   
0.036 0.086 0.85 1.60 0.63 Breaking (1) 0.068, 0.080, 0.102, 0.150, 0.205, 0.287, 
   1.33 0.35 Undular 0.404, 0.531, 0.713, 0.897, 1.143 
0.055 0.113 0.97 1.58 0.70 Breaking (1) 0.052, 0.067, 0.078, 0.101, 0.148, 0.206 
   1.34 0.40 Undular 0.282, 0.398, 0.526, 0.700, 0.877, 1.122 
 
Note: (1): breaking bore with secondary undulations. 
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H.2 RESULTS (1) ENSEMBLE-AVERAGED VELOCITY COMPONENTS 
 
Fig. H-1 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
and instantaneous velocity components of Run 1: z = 0.0129 m, Fr = 1.60, Q = 0.036 m3/s, do = 
0.086 m, Vo = 0.846 m/s 
 
Fig. H-2 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
and instantaneous velocity components of Run 1: z = 0.0129 m, Fr = 1.33, Q = 0.036 m3/s, do = 
0.087 m, Vo = 0.842 m/s 
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Fig. H-3 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
and instantaneous velocity components of Run 1: z = 0.0459 m, Fr = 1.60, Q = 0.036 m3/s, do = 
0.086 m, Vo = 0.845 m/s 
 
Fig. H-4 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
and instantaneous velocity components of Run 1: z = 0.0459 m, Fr = 1.33, Q = 0.036 m3/s, do = 
0.086 m, Vo = 0.847 m/s 
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Fig. H-5 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
and instantaneous velocity components of Run 1: z = 0.0167 m, Fr = 1.58, Q = 0.055 m3/s, do = 
0.113 m, Vo = 0.970 m/s 
 
Fig. H-6 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
and instantaneous velocity components of Run 1: z = 0.0167 m, Fr = 1.34, Q = 0.055 m3/s, do = 
0.113 m, Vo = 0.971 m/s 
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Fig. H-7 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
and instantaneous velocity components of Run 1: z = 0.0594 m, Fr = 1.58, Q = 0.055 m3/s, do = 
0.113 m, Vo = 0.968 m/s 
 
Fig. H-8 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
and instantaneous velocity components of Run 1: z = 0.0594 m, Fr = 1.34, Q = 0.055 m3/s, do = 
0.113 m, Vo = 0.969 m/s 
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H.3 RESULTS (2) ENSEMBLE-AVERAGED VELOCITY FLUCTUATIONS 
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Fig. H-9 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0089 m, Fr = 1.60, Q = 0.036 
m3/s, do = 0.087 m, Vo = 0.840 m/s, breaking bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
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Fig. H-10 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0089 m, Fr = 1.3, Q = 0.036 m3/s, 
do = 0.087 m, Vo = 0.843 m/s, undular bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
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Fig. H-11 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0249 m, Fr = 1.6, Q = 0.036 m3/s, 
do = 0.087 m, Vo = 0.841 m/s, breaking bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
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Fig. H-12 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0249 m, Fr = 1.3, Q = 0.036 m3/s, 
do = 0.087 m, Vo = 0.841 m/s, undular bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
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Fig. H-13 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0609 m, Fr = 1.6, Q = 0.036 m3/s, 
do = 0.085 m, Vo = 0.853 m/s, breaking bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
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Fig. H-14 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0609 m, Fr = 1.3, Q = 0.036 m3/s, 
do = 0.085 m, Vo = 0.856 m/s, undular bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
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Fig. H-15 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0115 m, Fr = 1.6, Q = 0.055 m3/s, 
do = 0.114 m, Vo = 0.961 m/s, breaking bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
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Fig. H-16 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0115 m, Fr = 1.3, Q = 0.055 m3/s, 
do = 0.114 m, Vo = 0.963 m/s, undular bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
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Fig. H-17 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0322 m, Fr = 1.6, Q = 0.055 m3/s, 
do = 0.114 m, Vo = 0.959 m/s, breaking bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
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Fig. H-18 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0322 m, Fr = 1.3, Q = 0.055 m3/s, 
do = 0.114 m, Vo = 0.959 m/s, undular bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
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Fig. H-19 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0789 m, Fr = 1.6, Q = 0.055 m3/s, 
do = 0.112 m, Vo = 0.957 m/s, breaking bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
 
135 
 
 
Fig. H-20 - Dimensionless ensemble averaged water depth, ensemble averaged velocity components 
with the superpositions of instantaneous data, difference between 3rd and 1st quartiles (V75-V25), 
and difference between 90% and 10% percentiles (V90-V10): z = 0.0789 m, Fr = 1.3, Q = 0.055 m3/s, 
do = 0.112 m, Vo = 0.972 m/s, undular bore - From top to bottom, longitidunal velocity Vx, 
transverse velocity Vy, vertical velocity Vz components 
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H.4 RESULTS (3) ENSEMBLE-AVERAGED VELOCITY CONTOUR MAPS 
 
Fig. H-21 - Dimensionless ensemble averaged water depth and longitudinal velocity component at x 
= 5 m: Q = 0.036 m3/s, Fr = 1.6, breaking bore - The broken line corresponds to Vx = 0 
 
Fig. H-22 - Dimensionless ensemble averaged water depth and longitudinal velocity component at x 
= 5 m: Q = 0.036 m3/s, Fr = 1.33, undular bore 
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Fig. H-23 - Dimensionless ensemble averaged water depth and transverse velocity component at x = 
5 m: Q = 0.036 m3/s, Fr = 1.6, breaking bore 
 
Fig. H-24 - Dimensionless ensemble averaged water depth and transverse velocity component at x = 
5 m: Q = 0.036 m3/s, Fr = 1.33, undular bore 
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Fig. H-25 - Dimensionless ensemble averaged water depth and vertical velocity component at x = 5 
m: Q = 0.036 m3/s, Fr = 1.6, breaking bore 
 
Fig. H-26 - Dimensionless ensemble averaged water depth and vertical velocity component at x = 5 
m: Q = 0.036 m3/s, Fr = 1.33, undular bore 
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H.5 RESULTS (4) CONTOUR MAPS OF DIFFERENCE BETWEEN 3RD AND 1ST VELOCITY 
QUARTILE 
 
Fig. H-27 - Dimensionless ensemble averaged water depth and difference between 3rd and 1st 
quartile of longitudinal velocity component at x = 5 m: Q = 0.036 m3/s, Fr = 1.6, breaking bore 
 
Fig. H-28 - Dimensionless ensemble averaged water depth and difference between 3rd and 1st 
quartile of longitudinal velocity component at x = 5 m: Q = 0.036 m3/s, Fr = 1.33, undular bore 
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Fig. H-29 - Dimensionless ensemble averaged water depth and difference between 3rd and 1st 
quartile of transverse velocity component at x = 5 m: Q = 0.036 m3/s, Fr = 1.6, breaking bore 
 
Fig. H-30 - Dimensionless ensemble averaged water depth and difference between 3rd and 1st 
quartile of transverse velocity component at x = 5 m: Q = 0.036 m3/s, Fr = 1.33, undular bore 
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Fig. H-31 - Dimensionless ensemble averaged water depth and difference between 3rd and 1st 
quartile of vertical velocity component at x = 5 m: Q = 0.036 m3/s, Fr = 1.6, breaking bore 
 
Fig. H-32 - Dimensionless ensemble averaged water depth and difference between 3rd and 1st 
quartile of vertical velocity component at x = 5 m: Q = 0.036 m3/s, Fr = 1.33, undular bore 
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H.6 RESULTS (5) TURBULENT SHEAR STRESSES 
 
Fig. H-33 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.036 m3/s, Fr = 1.60, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.15, breaking bore 
 
Fig. H-34 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.055 m3/s, Fr = 1.58, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.15, breaking bore 
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Fig. H-35 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.036 m3/s, Fr = 1.60, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.15, breaking bore 
 
Fig. H-36 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.055 m3/s, Fr = 1.58, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.15, breaking bore 
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Fig. H-37 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.036 m3/s, Fr = 1.60, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.40, breaking bore 
 
Fig. H-38 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.055 m3/s, Fr = 1.58, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.40, breaking bore 
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Fig. H-39 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.036 m3/s, Fr = 1.60, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.40, breaking bore 
 
Fig. H-40 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.055 m3/s, Fr = 1.58, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.40, breaking bore 
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Fig. H-41 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.036 m3/s, Fr = 1.60, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.71, breaking bore 
 
Fig. H-42 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.055 m3/s, Fr = 1.58, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.70, breaking bore 
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Fig. H-43 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.036 m3/s, Fr = 1.60, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.71, breaking bore 
 
Fig. H-44 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.055 m3/s, Fr = 1.58, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.70, breaking bore 
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Fig. H-45 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.036 m3/s, Fr = 1.3, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.15, undular bore 
 
Fig. H-46 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.055 m3/s, Fr = 1.3, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.15, undular bore 
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Fig. H-47 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.036 m3/s, Fr = 1.3, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.15, undular bore 
 
Fig. H-48 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.055 m3/s, Fr = 1.3, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.15, undular bore 
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Fig. H-49 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.036 m3/s, Fr = 1.3, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.40, undular bore 
 
Fig. H-50 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.055 m3/s, Fr = 1.3, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.40, undular bore 
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Fig. H-51 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.036 m3/s, Fr = 1.3, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.40, undular bore 
 
Fig. H-52 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.055 m3/s, Fr = 1.3, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.40, undular bore 
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Fig. H-53 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.036 m3/s, Fr = 1.3, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.71, undular bore 
 
Fig. H-54 - Dimensionless ensemble-averaged water depth and turbulent normal stresses at x = 5 m: 
Q = 0.055 m3/s, Fr = 1.3, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.70, undular bore 
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Fig. H-55 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.036 m3/s, Fr = 1.3, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.71, undular bore 
 
Fig. H-56 - Dimensionless ensemble-averaged water depth and turbulent tangential stresses at x = 5 
m: Q = 0.055 m3/s, Fr = 1.3, do = 0.110 m, Vo = 0.99 m/s, z/do = 0.70, undular bore 
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H.7 RESULTS (6) TURBULENT SHEAR STRESS CONTOUR MAPS 
 
Fig. H-57 - Dimensionless ensemble-averaged water depth and turbulent normal stress vx2 contour 
map at x = 5 m: Q = 0.036 m3/s, Fr = 1.60, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.15, breaking bore 
 
Fig. H-58 - Dimensionless ensemble-averaged water depth and turbulent normal stress vx2 contour 
map at x = 5 m: Q = 0.036 m3/s, Fr = 1.33, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.15, undular bore 
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Fig. H-59 - Dimensionless ensemble-averaged water depth and turbulent normal stress vy2 contour 
map at x = 5 m: Q = 0.036 m3/s, Fr = 1.60, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.15, breaking bore 
 
Fig. H-60 - Dimensionless ensemble-averaged water depth and turbulent normal stress vy2 contour 
map at x = 5 m: Q = 0.036 m3/s, Fr = 1.33, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.15, undular bore 
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Fig. H-61 - Dimensionless ensemble-averaged water depth and turbulent normal stress vz2 contour 
map at x = 5 m: Q = 0.036 m3/s, Fr = 1.60, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.15, breaking bore 
 
Fig. H-62 - Dimensionless ensemble-averaged water depth and turbulent normal stress vz2 contour 
map at x = 5 m: Q = 0.036 m3/s, Fr = 1.33, do = 0.084 m, Vo = 0.87 m/s, z/do = 0.15, undular bore 
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